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A STUDY OF VAPOR CARRYUNDER AND ASSOCIATED PROBLEMS 

by 

Michael Petrick 

ABSTRACT 

A simple inodel for the carryunder phenoinena is p re ­
sented, and an analytical expression for the quality ratio 
XQ, Xj^ is derived. The dominating factor in this analysis 
is the definition of a specific area in the r i se r from which 
carryunder emanates . Data taken from an atmospheric a i r -
water loopare compared with the predicted values for weight 
percent carryunder for the parameter range studied (0.2 X 
10"'V X V 2.0 • 10"'. 1 ft/sec VD 2.5 f t /sec) . The p ro ­
posed model proved to be quite successful, and good a g r e e ­
ment between measured and calculated values was obtained. 

A dimensional analysis of the pertinent parameters 
affecting carryunder was also made, and a ser ies of dimen­
sionless groupings were derived. These groupings were then 
used to develop empirical correlat ions for predicting c a r r y -
under. The empirical correlation adequately represents a 
se r ies of h igh-pressure data over the following parameter 
range: 0.1 • I R 0.5, 0.5 ^ VQ 2.5 f t /sec, pressure = 600, 
1000, 1500 psi, but the a i r -water data taken at atmospheric 
pressure deviate substantially. A nondimensionless emp i r i ­
cal correlat ion, however, was developed for the X Q / X { ^ ratio, 
and the predicted values compared well with the data from 
both the atmospheric a i r -water and high-pressure loop. Fair 
agreement was obtained also with preliminary data taken with 
a large system (EBWR). 

A ser ies of appendices are included to provide infor­
mation necessary for the development or utilization of the 
proposed corre la t ions . The subjects covered in the appen-
d i c e s a r e . 1 ) bubble-size distribution (0.01 x 10"' v x ^ 2.0 X 
10"' , 0.9 ft/sec < Vg < 2.8 ft /sec); 2) bubble size versus 
bubble velocity relationship; 3) phase distributions within a 
conduit ( l . l 5<Vg < 9.25 f t /sec . 0.0004 • x , 0.004): and 4) 
downflow slip ratios (P • 600, 1000, and 1 500 psi, 0.00 3 v x 
• 0.12, 19 ft/sec • Vg ' 4.5 f t /sec) . All data derived for the 
studies are tabulated. 
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I . I N T R O D U C T I O N 

In a t w o - p h a s e s y s t e m i n w h i c h t h e c i r c u l a t i n g c o o l a n t i s b o i l e d , i t 

b e c o m e s i n c r e a s i n g l y d i f f i c u l t t o a c h i e v e e f f e c t i v e p r i m a r y s e p a r a t i o n of 

t h e p h a s e s a s t h e v o l u m e t r i c c a p a c i t y of t h e s y s t e m d e c r e a s e s a n d p o w e r 

d e n s i t y i n c r e a s e s . W h e n i t i s d e s i r e d t o e f f e c t t h i s s e p a r a t i o n b y p u r e l y 

n a t u r a l m e a n s ( s u c h a s g r a v i t y ) , t h e p r o b l e m b e c o m e s a c u t e . It i s v i r t u a l l y 

i m p o s s i b l e t o e f f e c t a c o m p l e t e s e p a r a t i o n of t h e p h a s e s w i t h o u t t h e u s e of 

m e c h a n i c a l d e v i c e s . A c e r t a i n f r a c t i o n of t h e v a p o r p h a s e w i l l b e e n t r a i n e d 

i n t h e d o ' w n c o m e r w i t h t h e r e c i r c u l a t i n g l i q u i d p h a s e . T h e f r a c t i o n of t h e 

v a p o r p h a s e t h a t i s e n t r a i n e d i n t h e d o w n c o m e r i s g e n e r a l l y r e f e r r e d t o a s 

t h e p e r c e n t c a r r y u n d e r . 

In b o i l i n g s y s t e m s i n w h i c h t h e f l u i d f l o w s b y n a t u r a l c o n v e c t i o n , t h e 

c a r r y u n d e r p r o b l e m c a n b e c o m e e s p e c i a l l y c r u c i a l . T h i s s t e m s f r o m t h e 

f a c t t h a t t h e r e c i r c u l a t i o n f l o w r a t e s a r e a f u n c t i o n of t h e d e n s i t y d i f f e r e n c e 

e x i s t i n g b e t w e e n t h e u p c o m e r ( r i s e r ) a n d d o w n c o m e r s e g m e n t s of t h e s y s ­

t e m . S h o u l d s u b s t a n t i a l q u a n t i t i e s of v a p o r b e e n t r a i n e d b y t h e c i r c u l a t i n g 

f l u i d i n t h e d o w n c o m e r , t h e p e r f o r m a n c e of t h e s y s t e m c o u l d s u f f e r 

s i g n i f i c a n t l y . 

A n e x c e l l e n t e x a m p l e of s u c h a s y s t e m w o u l d b e a n a t u r a l - c i r c u l a t i o n 
b o i l i n g w a t e r r e a c t o r . S t e a m c a r r y u n d e r c a n r e a d i l y o c c u r i n t h i s s y s t e m 
b e c a u s e of h i g h t o t a l p o w e r , g e o m e t r i c c o n f i g u r a t i o n of t h e i n t e r n a l s , m i n i ­
m u m c o o l a n t r e q u i r e m e n t s , a n d l i m i t a t i o n s of p r e s s u r e v e s s e l s i z e . E v e n 
t h o u g h c o l d e r m a k e u p w a t e r m a y b e a d d e d a t t h e t o p of t h e d o w n c o m e r , i t i s 
c o n c e i v a b l e t h a t a s u b s t a n t i a l q u a n t i t y of t h e e n t r a i n e d s t e a m b u b b l e s w i l l 
n o t b e c o l l a p s e d i m m e d i a t e l y b e c a u s e of i n s u f f i c i e n t m i x i n g . A s a r e s u l t , 
t h e n e t d r i v i n g h e a d a n d t h e f l o w r a t e w o u l d d e c r e a s e , a n d t h e p o w e r l e v e l 
w o u l d d r o p . S i m i l a r d e t r i m e n t a l r e s u l t s c o u l d o c c u r i n o t h e r t w o - p h a s e 
s y s t e m s w h e r e t h e c i r c u l a t i n g c o o l a n t i s b o i l e d , s u c h a s s t e a m b o i l e r s , a n d 
e v a p o r a t o r s . F o r c e d - c i r c u l a t i o n s y s t e m s c o u l d a l s o b e a d v e r s e l y a f f e c t e d , 
s i n c e e x c e s s i v e c a r r y u n d e r i n t o t h e s u c t i o n l i n e s c o u l d l e a d t o c a v i t a t i o n 
p r o b l e m s . 

A s c h e m a t i c of a t y p i c a l p l e n u m i n w h i c h t h e v a p o r - l i q u i d s e p a r a ­
t i o n p r o c e s s t a k e s p l a c e i s s h o w n m F i g . 1. T h e t w o - p h a s e m i x t u r e e n t e r s 
h e p l e n u m t h r o u g h a r i s e r a n d t h e r e c i r c u l a t i n g c o o l a n t l e a v e s t h e p l e n u m 

t h r o u g h t h e d o w n c o m e r . T h e s e p a r a t i o n of t h e v a p o r p h a s e f r o m t h e l i q u i d 

L t h e U m e i 7 " r n ' ' / " " ' ^ ^ ^ " " ' " " ^ ° ' ^ " " ^ ^ ^ ^ ^"^^ h y d r o d y n a m i c f o r c e s 
m t h e t i m e i n t e r v a l b e t w e e n e n t r a n c e a n d d i s c h a r g e of t h e c o o l a n t i n t o a n d 

• r ..• ., , , . - t - - - ' ^"^ i i H u i u p n a s e s . i t i e r e i s v i r t n a l l v 
n o i n f o r m a t i o n a v a i l a b l e w h i c h c a n b e u s e d f o r e s t i m a t i n g t h e a m o u n t of "̂  
c a r r y u n d e r t h a t w o u l d b e o b t a i n e d m a g i v e n s y s t e m f o r v a r y i n g o p e r a t L . 
c o n d i t i o n s . A s a r e s u l t , a n a n a l y t i c a l a n d e x p e r i m e n t a l s t u d y w a s i n i U a ^ e d 
t o p r o v i d e d a t a o n t h e m a g n i t u d e of c a r r y u n d e r a n d t o e s t a b l i s h b o t h q u a . , 
t a t i v e l y a n d q u a l i t a t i v e l y t h e e f f e c t of p e r t i n e n t p a r a m e t e r s . 
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Prior to initiating the experimental phase of the program, an ana­
lytical study of carryunder was made. During the study, it became apparent 
that rigorous analyses would be very difficult because of the complexity of 
the overall problem and the lack of pertinent general two-phase data in a 
number of associated problem a r e a s . Therefore, the carryunder study was 
broken down into 5 separate , though interrelated, a r e a s : (l) t ransport of 
gas bubbles through a liquid medium, (2) relation between bubble size and 
terminal velocity of the bubble, (3) bubble size and distribution, (4) gas - and 
liquid-phase distribution, and (5) slip ratios in downflow. 

Each of these problem a reas was then analyzed separately; available 
l i terature was searched for data, and, when no data were found, limited ex­
perimental studies were car r ied out to provide the minimal information 
desired. The pertinent information was then utilized in the development of 
the theoretical equation for the prediction of carryunder . The resul ts of 
these studies are presented in the Appendices. 

The experimental phase of the program was carr ied out with an 
atmospheric a i r -water loop and a high-pressure s team-water loop. The 
a i r -water studies were primari ly aimed at establishing the pertinent 
parameters that affect the magnitude of carryunder . The purpose of the 
s team-water test was to determine the pressure effect on carryunder . 
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II. THEORETICAL ANALYSES 

Consider a typical plenum, as depicted in Fig. 1 , in which the 
vapor-liquid separation process occurs . The s team-water mixture enters 

the plenum through the r i s e r , and the r e c i r ­
culating water and that portion of the vapor 
phase carr ied under discharge through the 
downcomer. It is readily apparent that the 
amount of vapor-phase entrainment that 
occurs should be sensitive to the flow path of 
the liquid phase. As a result , the f irs t step 
in the analysis was a study of the fluid s t ream­
lines in a plenum. The analysis was made on 
on a pseudo-ideal, two-dimensional system, 
whereas the plenum is in fact an axisymmetr ical 
three-dimensional geometrical arrangement . 
However, the resul ts were thought to be indica­
tive of the true fluid s t reamlines . The fluid 
streamlines were determined by an electr ical 
potential analog. Basically, the method con­
sisted of determining the equipotential lines 
on Teledeltos paper (paper of uniform 
resist ivity). 

Figures 2 and 3 show the fluid s t r eam­
lines that were determined for a plenum in 
which the area ratio between the downcomer 
and r i se r was 2/1 and l / l , the true interface 
heights were H = R / 4 , H = R, H = 2R, and 
H-»t». As can be seen, there is very little 
change in the flow pattern beyond an interface 

height H = 2R. Also, the streamlines indicate that the liquid flowing out of 
the common r iser into the downcomer follows ci rcular- type paths. For the 
case in which H 3:2R, the radius of the circular s t reamlines can be approx­
imated by the following relationship: 

Fig. 1. Schematic of a 
Typical Separa­
tion Plenum 

f(Rj + W A ) / 2 
(1) 

where 

Ri = the radius of the r i ser 

W^ = the width of the annulus downcomer 

f the fractional distance from the peripheral edge of the r i s e r . 



Fig. 2. Fluid Streamlines in the Separa­
tion Plenum for A ^ / A ^ - 2. 

Fig. 3. Fluid Streamlines in the Separa­
tion Plenum for A Q AJ^ = 1. 



16 

The c e n t e r of the c i r c l e would then be loca ted at a d i s t a n c e x f r o m the 
r i s e r w a l l , w h e r e 

X = [ f ( R i - W A ) ] / 2 . (2) 

The s p e e d of the w a t e r a s it f lows f r o m the r i s e r to the d o w n c o m e r 
was a s s u m e d to v a r y a c c o r d i n g to the fol lowing r e l a t i o n s h i p ( see F i g . 4 ) : 

V L = [ ( V L I - V L , ) COS 9 + ( V L ^ + Vi^^}]/z , 

which is b a s e d on the b o u n d a r y c o n d i t i o n s : 

6 = 0, V^^ = VT (wa te r v e l o c i t y in the r i s e r ) 

e = 7 . V L = ( V L , + V L ^ ) / 2 = VL3 

6 = TT, Yi^ = VT (wa te r ve loc i t y in the d o w n c o m e r ) 

(3) 

F i g . 4 

Bubble T r a j e c t o r y in S e p a r a t i o n 
P l e n u m 

Cons ider a bubble pnfT-aiv^ = ̂  n-
path. The magni tude and d t e e r , o^ the a t / ^ ' ^ - fo l lowing a c i r c u l a r 
a r e d e t e r m i n e d by * ^ abso lu te v e l o c i t y of the bubble 

V T , + V„ 

w h e r e V„ is the t e r m i n a l veloci ty of the bubble It is . 
t e r m i n a l ve loc i tv is r eached rstK^^ „..:_,., _' 

(4) 

r quickly . This as 
s s u m e d that the 

the data of Miyagi ( l ) which shows that t h T v e r t " ' ' , ^ ' ' " ™ P ' ^ ° " ^^ b a s e d on 
t e r m i n a l veloci ty is a t t a ined is about 3 to 4 . 1 P ° " ' ' ^ ° " ^^ ^ ^ ^ ^ ^ the 

-ioout j to 4 c m above the a i r - n o z z l e 
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d i scharge . The absoKit r ve loc i ty of the bubble l o n s i d e r e d has the following 
two con iponen t s : 

dt 
(5) 

V, = r - ^ = V L + V„ cos V (6) 

Subst i tu t ing Eq. (3) into Eq. (6) y i e ld s 

' ^ = [ ' ^ L , - V L , - 2 V „ ) c o s . ( V L , + VL^)]y2 

or 

^=iK-v. , .2V„)S£p.vJ . 

Combining Eqs . (5) and (8) one ob ta ins 

-1 

in 9 [ ( V L , - VL^^ 2V„) ^ t V^,] 

(7) 

(8) 

g = r V „ s i n 9 | ( V , . - V , . . 2V„) ^ ^ ^ t V , J (9) 

^ = V „ s i n . . [ ( V L _ - V ^ ^ ^ 2 V „ ) ^ - ^ . V L 3 ] 

COS 6 I 

^ | - +V, h e . 

+ Vi d 6 . (10) 
1^—1 ^i i. 

Integrating, we get 

In F= - 2 V O ( V L , - V L J + 2 V J ' l n [ ( V L ^ - V L ^ + 2Vo) 

When 

e = 0, r = r, 

2Vo / V L , - V L ^ . 2 V „ 

'"^' -VI7"VI7T7v.'"l 1 ' ^ L . 3 J ' C 

V L , = ( V L , ' V L , ) / 2 

^ v „ / ^ V L . - V L , > 2 V O ^ V L . ^ V L , \ ^ 

' " ^ " ' ^ • V L . - V L , W V „ ' " 1 ^ 2 ) * ^ 



In r , 
V L , 

- 2 V o 

V T . . + 
J - In ( V L ^ + V„) + C 

C = In r , + 
2Vo 

' V L J - V L , + 2 V C 
In ( V L J + Vo) 

In 
2Vo 

V L , - V L , + 2 V „ 
In ( V L , - V L , + 2V„) = - ^ + V L 3 / ( V L , + Vo) 

S i m p l i f y i n g f u r t h e r 

; V L , - V L , + 2 V „ ) £ ^ + V L 3 

6 = TT, Vj . = 0 

It c a n b e s e e n t h a t w h e n 

6 = 0, F, 

' ( V L , + VO) 

• 2 V „ / ( 2 V „ + V L ^ - V L , ) 
(11) 

1̂ 

T T / 2 , r . 

1̂ 

( V L , + V L , ) / 2 ( V L , + V O ) 

( V L , - V O ) / ( V T + Vo) 

- 2 V O / ( 2 V O + V L ^ - V L ^ ) 

- 2 V „ 7 ( 2 V o + V L , - V L , ) 

C o n s e q u e n t l y , t h e m o t i o n of t h e b u b b l e c a n b e c o n s i d e r e d t o b e a n a l o g o u s 
to t h e m o t i o n of a p a r t i c l e w h i c h i s m o v i n g o n a c i r c u l a r - t y p e p a t h w i t h 
t h e t a n g e n t i a l v e l o c i t y c o m p o n e n t V j v a r y i n g a c c o r d i n g t o t h e e q u a t i o n 

Vt = [ ( V L , - V L , + 2Vo) c o s e + ( V L ^ + V L J A . ( 1 2 ) 

T h u s , w h e n 

e = 0, Vt = V L ^ + VO = Vg^, t h e g a s v e l o c i t y i n r i s e r 

6 = T T / 2 , V J = ( V L ^ + V L ^ ) / 2 = V L 3 , w a t e r v e l o c i t y a t 6 = T T / 2 

' t ^ V L ^ " VO = V g n t , e n t r a i n m e n t v e l o c i t y i n d o w n c o m e r 

T h e r a d i a l c o m p o n e n t of t h e b u b b l e v e l o c i t y i s 

V - = Vo s i n 6 

a n d w h e n 

e = 0, V - = 0 

e = T T / 2 , V - = Vo 

6 = 7T, V r = 0 
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The magnitude of the absolute velocity of the bubble is given by 

Vg V ^ f * V'_ ; 

hence 

g 

|K . -^L, -^Vo VL/V^^]- X 
-\[ 2 C O S . . Ĵ . [VoSin. | J- (13) 

and when: 

e = 0 , V . 

- _ / 2, V { 

v ^ * v„ 

• ^ ' L / V , 

gl 

• V f (^•^.•<)' 
e = 7T, Vg = v,^ = V L , - Vo 

The time-dependent equation of v could be obtained by integrating the 
following equation, which is derived from a combination of the above 
equations: 

^ {[(VL.-V L j 
2Vo) cos .• + ( V , 

dt 

Entrainment Conditions 

.•'d/4 
1 M 2 V O . V L _ - V L ; / 2 

?, ( V L , + Vo) 
2Va (2Vo-t V L , - V ^ 

(14) 

Suppose that a bubble following the above-described motion completed 
a 180° rotation and attained a speed V̂ ^̂ ^ - V, = V L , " VQ at the section 
e = r . If V L J . . VO, the bubble will be entrained with the speed Vgrn = 
Vl^ - Vo; if VLJ '. Vo, the bubble will rise with a speed Vg ^ VQ - V L , -
Consequently for entrainment we must have Vo< Vi • By means of 
Eq. (A-6) in Appendix A, the condition becomes 

^ 4 ( p L - P g ) g D o / 3 / ^ L f D V L , 

Do-' 3 fDPL Vjy4g( / 'L ' ''^^ (15) 
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A second condi t ion of e n t r a i n m e n t i s tha t the r a d i u s of the c i r c u l a r - t y p e 
t r a j e c t o r y tha t the bubble fo l lows , as g iven by Eq. (11), m u s t fal l wi th in 
the d o w n c o m e r annu lus ( see F i g . 4) . T h e r e f o r e , 

f(R, - W A ) 
+ W A 

(16) 

S u b s t i t u t i n g E q . ( l ) i n t o E q . ( l l ) w i t h 0 - 7T, 

f ( W A + R i ) 
[ ( V L , + V „ ) / ( V L , - Vo)] 

2 V O / ( 2 V O + V L , - V L , ) 

(17) 

E q u a t i n g ( l 6 ) a n d ( 1 7 ) , 

f ( W A + R i ) 
" V L , + VO 

V L ^ - V O 

2 V O / ( 2 V O + V L , - V L , ) ^ ^ ^ ^ 
W A ) 

+ W; (18) 

Equat ion (18) spec i f ied the second e n t r a i n m e n t cond i t ion . When Vo - V L , . 

Eq. (18) i m p l i e s 

f = 0 

T h e r e f o r e , at the p e r i p h e r y of the r i s e r , the m a x i m u m d i a m e t e r of the 
bubble that wil l be e n t r a i n e d is g iven by Eq. ( l 5 ) . When Vo = 0, Eq . (18) 
r educes to 

f = 1 

which sa t i s f i es the obvious condi t ion tha t not even the bubble of s m a l l e s t 
s ize e m e r g i n g f rom the c e n t e r of the r i s e r can be c a r r i e d u n d e r . E q u a ­
tion (18) thus e s t a b l i s h e s the r e l a t i o n s h i p b e t w e e n t h e m a x i m u m c r i t i c a l 
bubble d i a m e t e r , th rough the t e r m i n a l ve loc i ty VQ, which can be e n t r a i n e d 
and the posi t ion f rom which the bubble s t a r t s i t s naotion. U n f o r t u n a t e l y , 
Eq. (18) cannot be solved for VQ and hence D^(f), the c r i t i c a l d i a m e t e r a s 
defined in Appendix A, s ince the r e l a t i o n s h i p is not exp l i c i t in Vo. The 
e x p r e s s i o n is 

r R, + WA 1 
- i L R i - W A + 2 W A / f J 

( 2 V O + V L ^ - V L , ) / 2 V O 

r Ri + W ^ - | 2 V „ + V L , - V j ^ y 2 V „ 

^ ^ L R i - W A + 2 W A / f J 



However, an explicit relationship can be oht.iini-d by solving Eq (18) 
for f: 

2W, ( V L . Vo)/( VL. * Vo']' 

WA{' * [ ( V L , - V . ) / ( V L , + VO)J*J .R , | I - | ^ (VL^-VO)/ (VL. +Vo)j^| 
(19) 

where 

a = 2Vo,/(2Vo + V L , - V L V.^) 

Equation (19) can then be used in conjunction with the average bubble size 
and liquid velocities to calculate a pseudo area in the r i ser from which 
the carryunder emanates, that is. a point is reached, when one progresses 
from the periphery of the r i ser to its center, beyond which the average-
sized bubble will not be carr ied under, since its trajectory exceeds the 
width of the annulus The distance in from the r i ser edge where this 
occurs IS 
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Lr = fR. (20) 

The "area" of the riser fronn which carryunder occurs is given by 

= JR,-( 
27Trdr (21) 

Therefore, 

A c = TTRf (2f - f ' ) = TTRf [1 - (1 - f)2) 

S u b s t i t u t i n g Eq (19) i n t o E q . (ZZ) y i e l d s 

(22) 

TTRf ' 1 - 1 -

2W 
V L , - V. 

A \ V L , + V, 

w. 1 + 
V L , - V, 

v~, TV. + R, 
V L , - V o 

vIT^ 
U3) 

A more rigorous analysis was believed to be unwarranted because 
of the fact that the calculation procedure would become unduly complex. 
It would be necessary to establish the crit ical bubble diameter versus 
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r i s e r pos i t ion r e l a t i o n s h i p , by t ed ious t r i a l - a n d - e r r o r t e c h n i q u e s , and 
the f r ac t ion of the bubble popu la t ion which e x i s t s be low the c r i t i c a l d i a m ­
e t e r s . Such a n a l y s i s would be e x t r e m e l y t i m e c o n s u m i n g and could not 
be jus t i f ied b e c a u s e of the m a n y u n c e r t a i n t i e s c o n c e r n i n g the b u b b l e - s i z e 
d i s t r i bu t i on , buoyancy, ve loc i ty , w a t e r flow pa th , e t c . 

Some c r e d u l i t y is lent to the concep t of a spec i f i c a r e a of the r i s e r 
f r o m which the m a j o r p o r t i o n of the c a r r y u n d e r o c c u r s [as spec i f i ed by 
Eq. (23)] by the p h o t o g r a p h s tha t w e r e t aken of a p l e n u m du r ing o p e r a t i o n . 
In a typ ica l photo, such a s shown in F i g . 5, the c i r c u l a r - t y p e t r a j e c t o r i e s 
of the bubble a r e r ead i ly a p p a r e n t . T h e s e t r a j e c t o r i e s b e c o m e "wider and 
w i d e r a s they o r i g ina t e c l o s e r and c l o s e r to the c e n t e r of the r i s e r , i n t e r ­
cept the wal l of the p l e n u m , and b e c o m e engulfed in the l a r g e t u r b u l e n t 
eddies ex i s t ing n e a r the s u r f a c e . The m a j o r p o r t i o n of the gas p h a s e c a r ­
r i ed under a p p e a r s to e m a n a t e f r o m the p e r i p h e r a l r e g i o n of the r i s e r . 
A p a t t e r n of th is type is p r e d i c t e d by Eq. (23). 

F ig . 5. T r a c e Pho tog raph of S e p a r a t i o n Pie 
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Prediction of Carryunder 

All bubbles having D v D^ in that region of the r iser specified by 
Eq. (23). will be entrained. If the water speed V L , at the inlet of the down­
comer is known, the crit ical diameter D^ can be found by using Eq. (15) 
with the proper value of fp or by using the proposed bubble velocity vs 
bubble dianieter relationship that has been presented in Fig. A-1 of 
Appendix A. The latter relationship is used in this analysis. The fraction 
of the total number of bubbles that are susceptible to entrainment can 
then be calculated from the bubble-size distribution functions that are 
described in Appendix B. As discussed in Appendix B, the bubble-size 
distribution can be represented by Poisson's equation. Therefore, F B . 
the number of bubbles susceptible to entrainment, can be represented 
by the equation 

P ^ ' p ( b 0 ^ e - b X d x 
- ^' . (24) 

y P(bO'̂  e-l '̂' d^ 

where • is the bubble radius and the constants P, b. and c are functions of 
the liquid and gas mass velocity, void fraction, etc. They are given in 
Eqs. (B-17), (B-18) and (B-19) of Appendix B. 

The volume of bubbles in a unit volume of r i se r is aj^; then, If X. 
is the average bubble radius in the r i se r , the number of bubbles in this 
unit volume is 

N IR 
ft* 47TXJ /3 

The bubble flux is 

N "̂ R 
ft'-sec 47TXJ/3 8 

and the bubble flow is 

N ttR 

(25) 

(26) 

5— V.A (27) 

Therefore the bubble flow out from the region of the r i se r producing the 
carryunder is 

GLDVO Ap 

47T / J/3 
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or , upon combining Eq. (23) wi th Eq . (28) 

^RVg ^RVg,R? 
F l 

where 

and 

4xy3 
1 

2 W A V^ 

W A ( 1 + ' 0 ' ' ) + R I (1 - V^) 
(29) 

( V L , - V O ) / ( V L , + Vo) 

2V, /(2V„ + V, 

In Eq. (29), a.R r e p r e s e n t s a m e a n void f r a c t i o n a c r o s s the e n t i r e 
r i s e r . However , the void f r ac t ion is not a c o n s t a n t a c r o s s the r a d i u s , a s 
shown in Appendix C. The void d i s t r i b u t i o n is a f fec ted by the l iqu id and 
gas m a s s v e l o c i t i e s , m i x t u r e quant i ty , e t c . The t r u e m e a n void f r a c t i o n in 
the r i s e r r eg ion defined by Eq. (23) is t h e r e f o r e 

"̂ C = "-R ( « C A R ) 

Assuming that the void d i s t r i b u t i o n is de 
r e l a t ionsh ip (See Appendix C): 

(¥)" . a _ = a m a x 

(30) 

s c r i b e d by the fol lowing 

(31) 

then 

X R,-fR, 
2f r a ^ a x [ { R l - r ) / R i P d 

L 2 Tir dr 
R,-fR, 

Equation (32) s impl i f ies t 

a c f(m+i) 

2 ' ^ ' ^ ° ^ m a x [ ( R l - ' - ) / R i r d r 

P'" r d r 

(32) 

ttR 

[m+2 - f (m+l)1 

1 - (1- f ) ' 
(33) 
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where f i s g iven by Eq. (19) and m is given in Appendix C by Eq. (C-2) . 
There fore , the mean void fraction in the region of in teres t in the r i s e r i s 

a c 
^Rf '" '*" (m + 2 - f ( m i l ) l 

(34) 
1 - (1 - f ) ' 

The bubble flow from the carryunder-producing region in the r i s e r b e c o m e s 

2 W A ' 1 ^ •5R f('" + ') (m + 2 - f(m+l)]Rf 
Fi = —-^T-. r——m V 

4\, '(1 - ( l - f ) M ' 3 Ki I - Wfi,{l+rf) + R.( l -T)a) 

(35) 

The bubble flow in the downcomer is given by 

f j = 3aD Vg, (R| - R f ) / 4 \ 1 

Therefore , the following equality must hold; 

where F g is the fraction of bubbles having D- D^ as defined by Eq. (24). 
Consequently, 

(36) 

J a o Vg, 3V g l 
•(R|-Rf) --Tzrh^c Ac F B (37) 

where a c '» defined by Eq. (34), A c is defined by Eq. (23), and F B is 
defined by Eq. (24). After solving for the downcomer void fraction, 
Eq. (37) b e c o m e s 

^D- \ - ^ ^ ^ - ^ ^ B (38) 

where 

A D = 7T(R | -Rf ) 

Equation (38) s ta tes that the void fraction in the downcomer is a function of 
s y s t e m geo inetry , bubble s i z e in the r i s e r and downcomer , the true gas 
ve loc i ty in the r i s e r and downcomer, and the mean void fraction in the r i s e r . 
Equation (38) i s e s s e n t i a l l y valid only when the interface height is inuch 
greater than the r i s e r d iameter When the interface height approaches a 
height equivalent to the r i s e r d iameter , Eq. (58) must lie modif ied to in­
clude s e v e r a l completing height fac tors . 
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As the i n t e r f a c e he igh t c o n t i n u e s to d e c r e a s e , a point i s r e a c h e d 
w h e r e the t r a j e c t o r i e s of the gas b u b b l e s b e g i n to i n t e r c e p t the w a t e r 
in te r face in the p l e n u m and e s c a p e . T h e r e f o r e , a t h i r d e n t r a i n m e n t c o n ­
dition m u s t be spec i f ied , which t a k e s into accoun t the inf luence of the 
wa te r l eve l in the p l e n u m in r e g a r d to the c a r r y u n d e r . 

In o r d e r to m a k e th i s e n t r a i n m e n t cond i t i on s o m e w h a t s i m p l e r , one 
m a y define the t h i r d e n t r a i n m e n t condi t ion a s fo l lows : the r a d i u s r j of the 
bubble t r a j e c t o r y at 6 = 7r/2 h a s to be s m a l l e r than the i n t e r f a c e he igh t in 
the upper p l enum or the bubble wi l l e s c a p e ( see F i g . 4). By def in ing the 
e n t r a i n m e n t condi t ion in th i s way, the c a r r y u n d e r wi l l be u n d e r e s t i m a t e d 
b e c a u s e at 6 = TT/2 the bubble h a s not ye t r e a c h e d i t s h i g h e s t po in t . How­
e v e r , t h i s d i f fe rence in the h e i g h t s is not v e r y s ign i f i can t . F r o m Eq. (11) 
one gets 

' L , + Vo 

( V L , + V L , ) / 2 

2Vo/(2Vo + V L , - V L , ) 

(39) 

Defining 

f* (R, + WA) (40) 

Equat ion (39) b e c o m e s 

f* 

[ (R .+WA) /2 ] [ 2 ( V L , + V O ) / ( V L , . V L , ) ] ' ^ ° / ( ' ' ' ° " ' ^ ^ ' - ^ ^ ^ > ' 

(41) 

w h e r e f* i s the f rac t iona l d i s t a n c e f rom the r i s e r p e r i p h e r y b e y o n d wh ich 
the t r a j e c t o r y of the a v e r a g e bubble wi l l i n t e r c e p t the w a t e r s u r f a c e and 
thus e s c a p e . T h e r e f o r e , when f* < f, which m e a n s tha t the a r e a of t he 
r i s e r f rom which c a r r y u n d e r o c c u r s b e c o m e s s m a l l e r due to t h e h e i g h t 
effect, Eq. (38) m u s t be m u l t i p l i e d by a f ac to r k, , wh ich is de f ined as 

ki = A C H / A C 

w h e r e A c H is the a r e a f rom which c a r r y u n d e r e m a n a t e s if f* < f. The 
a r e a A c H is computed as fol lows: 

(42) 

^ C H 

r R i 

' R i - f * R i 
2 -nr dr (43) 



Integrating Eq. (43) and subs t i t u t i ng Eq. (41), 
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*CH' 2V„/(iVo. V L / Vl 
(44) 

((R,. WA), .Jl [i (VL, . v . ) / ( v ^ • VL,)] 

It should be noted that f*̂  f only when H becomes very small (H = R,). 

The second height factor, which is perhaps the more important, 
stems from the effect of the interface height on the average cross-flow 
velocity in the upper plenum. As can be seen in Figs. 2 and 3, the average 
cross-flow velocity s ta r t s to increase significantly below the position 
H = ZR,. As a result, the bubble trajectories would tend to be shortened. 
The average cross-flow area is defined as 

^ C F = 2 R.H 

When Hx 2R.. the magnitude of the gas velocity is increased by the ratio 
2R,, H or D, H. Since the entrainment is proportional to the original gas 
velocity, an increase in entrainment would be expected in about the same 
ratio. Therefore. Eq. (38) must be multiplied by a factor k2 when 
HT(1 - I R X D. : 

kj = D . / H J (1 - -Tt R) 

where H j is the true interface height. 

The final form of Eq. (38) is . therefore, 

an = (W( i ) ' (Vg,/Vg,) " C T ^ F B k, k. 

(46) 

(46) 

where k. and kj are 2 correction factors to take into account the 2 opposite 
effects of height: 

k j 

ACH Eq. (44) 
Ac '' Eq. (23) 

H(l -v..) 

to be used when f• • f; 

to be used when H( 1 - i ,) D, 

Equation (46) can be transformed to give the percent carryunder 
( X D / X R ) in the following manner. Since 

V g / V g , = [vL , / ( l - . .R) ] [ (ViyVg)^ ( l - . -D) /VL, (Vg/V, . ) , J , (47) 
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Equation (46) becomes 

a o ^ L , (Vg/VL)j^ ( i - aD) / 'X2Y a c A c 

ttR- ( F ^ (Vg/VL)j3 V L , \ X , / a R A D 

Rearrangement yields 

'g /^L^D 

Since 

V L " ^ i - x y \ a ; i ^pg 

it follows that 

X PL 
1 -a = (V / V L ) P < 

(48) 

aoAl-ao) I , \ (Vg/VL)R/^X,Yac ^ c ^ 

(50) 

when X is very small. Upon substituting Eq. (50) into Eq, (49) and also 
noting that 

V L , / V L , = AD/A R 

Equation (49) becomes 

X D 
X,y a j , A R ^ B k , k , . (51) 

Equations (46) and (51) are compared with the a i r -wate r data in Section V. 
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111, DIMENSIONAL ANALYSIS 

In addition to the preceding theoret ical study, a diinensional ana lys i s 
was a l so carr ied out on the carryunder problem. It was bel ieved that such 
an ana lys i s would produce significant d i inens ion les s groupings which would 
be useful in the corre la t ion of the data. It was a s sumed that the following 
group of var iables affected the separation of the vapor and liquid in a 
typical plenum: 

V Q = Liquid ve loc i ty in the downcomer, f t / s e c 

V R = Liquid ve loc i ty in the r i s e r , f t / s e c 

H = Height of the interface, ft 

D = Diameter of the r i s e r , ft 

>i L - V i scos i ty of the liquid, lb / (sec)( f t ) 

O L - Surface tension of the liquid, l b / s e c 

Og = Density of the gaseous phase, Ib/cu ft 

p. = Density of the liquid phase, Ib/cu ft 

VgR - Gas veloci ty in the r i s e r , f t / s e c 

V £j - Gas velocity in the downcomer, f t / s e c 

W R = Mass flow rate of the gaseous phase in the r i s e r , l b / s e c 

Wjj = Mass flow rate of the gaseous phase in the downcomer, l b / s e c 

W-p = Mass flow rate of the liquid phase, l b / s e c 

Any product •• of the above - l i s t ed var iables has the following form: 

k, k, kj k̂  kj k(, ky k, k, 
( n j M W R ) ' (PL) (/ g) (VgD) (VgR) (H) (D) ( • ) (Vo) 

( W T ) ' ' ' ° ( ^ L ) ' ' " ( V R ) ' ^ ' M W D ) ' " . 

The corresponding d imens ion of ii is therefore 

[nl^MT-'l '[ML-'I '[ML-'1 '[LT-'] * [MT-'J " 
In accordance with the propert ies of exponents , 

r,,1 ["^(k. + kj + k, + k,+ k ,„+k. ,+ k, , ) l 

r (-Jkj - Jkj t k4+ k, + kj t k, t k, + k,, • k,,;j 

r (-k, - k4 - k, -Ik, - k, - k,,, - k,, - k.̂  - k,,i\ 
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If n is to be dimensionless, the exponents of M, L, T must then be 
zero. Therefore, 

k, + kj + kj + kg + k,o + k,, + kjj = 0 

-3k2 - 3k3 + k4 + k j + k^ + ky + k, - k,, + k,2 = 0 

-k, - k4 - kg - 2k8 - k , - kjo - k , , - k,2 - k,3 = 0 

The set of 3 equations contains 13 unknowns and, as a resul t , pos ­
sesses an infinite number of solutions. Therefore, any value may be 
assigned to 10 unknowns and the resulting 3 equations may then be solved 
simultaneously. The following dimensionless products were obtained: 

n, = W R / W D n, = PLVRWo/zif^ 

^3 = P g V R W o A i n^ = V D / V R 

Hj = VR/VgR n̂ , = H M I / W D 

n, = D/ iL/wo n3= O L / M L V R 

^9 = VgD/VgR n,„ = W X / W L , 

The above 10 groupings were then combined and the following dimen­
sionless products were derived 

K = (Hi WR/WL,) ' = WD/WR = ( W D / W T J A W R / W T ) = X D / X R 

n̂  = n^/n^ = H / D 

n; = i / n , = VgR/VgD 

n; = i/% = ( V R W T ) / ( V D W X ) = A D / A R 

K= ^s= ° L / M L V R 

^ = f f e i i ^ aL PL 
^R V^^ ' ° • AR ' T[7y: ' L ^ R 

The significance of these groupings in the correlat ion of the data 
IS discussed in Section VI. ^ t̂  S cne aata 
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IV. LABORATORY AIM'AKAIUS AN!) EX I'KKIMENTAL PROCEDURES 

The carryunder s t u d i o were carr ied out with 2 laboratory loops, 
an atmospheric a i r -water loop .md a 200-psi steam-water loop. Each of 
these systems and the experimental procedures associated with them are 
described below. 

.Atmospheric Air-Water Loop 

The a i r -water loop basically consisted of a water-circulation and 
air-injection system, a mixing chamber, a separation plenum, an a i r -water 
separator , and associated instrumentation. The experimental apparatus is 
schematically illustrated in Fig. 6. 

TO u s HfTIR 

MCttCUlATin 

Fig. 6. Schematic of Air-Water Loop 

Water was circulated through the loop by means of 2 turbine-type 
pumps having a total combined capacity of approximately 300 gpm. The 
water flow rate was regulated by means of a bypass system on the pump 
and metered by means of a calibrated orifice. 

The air supply was obtained from the main laboratory 100-psi 
supply line. A constant pressure of 60 psi was maintained upstream of the 
air orifice by means of an air regulator. Immediately preceding the regu­
lator was an air filter which removed excess moisture and foreign matter . 
The air flow rate was regulated by a ser ies of 3 valves and measured by 
either of 2 calibrated orif ices, 0.0961 and 0.2705 in, in diameter. 
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T h e a i r - w a t e r m i x i n g c h a m b e r w a s c o n s t r u c t e d f r o m 2 c o n c e n t r i c 

p i p e s . T h e i n n e r a l u m i n u m p i p e , 5 - 3 - i n . l D x 1 2 j - j - i n . l o n g , i n c l u d e d a m i x i n g 

s e c t i o n , 6 - ^ - i n . l o n g , c o n t a i n i n g 300 r a n d o m l y d i s t r i b u t e d h o l e s , e a c h O . 0 6 i n . 

i n d i a m e t e r . T h e o u t e r p i p e , 8 in . i n d i a m e t e r , w a s t h e a n n u l a r p l e n u m 

c h a m b e r t h r o u g h w h i c h h i g h - p r e s s u r e a i r w a s f e d . T h e a i r w a s i n j e c t e d 

i n t o t h e a n n u l a r p l e n u m t h r o u g h 3 o p e n i n g s l o c a t e d 120° a p a r t t o i n s u r e a n 

e q u a l d i s t r i b u t i o n . T h i s t y p e of m i x i n g c h a m b e r w a s u s e d o n o t h e r a i r -

w a t e r l o o p s a n d p r o v e d t o b e e f f e c t i v e . 

T h e s e p a r a t i o n p l e n u m b a s i c a l l y c o n s i s t e d of a L u c i t e t u b e p l a c e d 

w i t h i n a s e c o n d l a r g e r L u c i t e t u b e . T h e i n n e r t u b e w a s t h e r i s e r o r u p ­

c o m e r . T h e a n n u l a r r e g i o n b e t w e e n t h e 2 t u b e s w a s t h e d o w n c o m e r . T h e 

g e o m e t r i c p a r a m e t e r s c o u l d b e a d j u s t e d t o a n y d e s i r e d v a l u e b y v a r y i n g 

t h e t u b e d i a m e t e r s . T h e 2 - p h a s e m i x t u r e e n t e r e d t h e p l e n u m t h r o u g h t h e 

u p c o m e r ; t h i s r e c i r c u l a t i n g l i q u i d p h a s e a n d t h a t p o r t i o n of t h e g a s p h a s e 

c a r r i e d u n d e r l e f t t h e p l e n u m t h r o u g h t h e d o w n c o m e r . T h e g a s p h a s e t h a t 

w a s s e p a r a t e d l e f t t h e p l e n u m t h r o u g h t h e 2 - p h a s e m i x t u r e i n t e r f a c e a n d 

d i s c h a r g e d to t h e a t m o s p h e r e . 

T h e r e c i r c u l a t i n g l i q u i d a n d g a s c a r r i e d u n d e r l e f t t h e s e p a r a t i o n 

p l e n u m a n d p a s s e d t h r o u g h t h e l o w e r d o w n c o m e r i n t o t h e a i r - w a t e r s e p a ­

r a t o r . H e r e t h e a i r c a r r i e d u n d e r w a s s e p a r a t e d f r o m t h e r e c i r c u l a t i n g 

w a t e r a n d d i s c h a r g e d t h r o u g h a b a r o m e t e r l e g i n t o 

a c u m u l a t i v e - t y p e g a s m e t e r , w h e r e t h e v o l u m e t r i c 

f l o w r a t e w a s d e t e r m i n e d b e f o r e b e i n g d i s c h a r g e d 

i n t o t h e a t m o s p h e r e . T h e a i r - w a t e r s e p a r a t o r w a s 

m e r e l y a v e r y l a r g e t a n k i n w h i c h t h e l i q u i d - p h a s e 

v e l o c i t y w a s r e d u c e d t o a v e r y l o w v a l u e ( - 0 . 2 f t / s e c ) . 

T h i s r e d u c t i o n of v e l o c i t y a l l o w e d t h e g a s p h a s e t o 

r i s e a n d c o l l e c t a t t h e t o p of t h e t a n k , f r o m w h e r e i t 

e n t e r e d t h e b a r o m e t r i c l e g . T h e r e s i d e n c e of t h e 

l i q u i d p h a s e i n t h e s e p a r a t o r w a s - 3 0 s e c . 

T h e o p e r a t i n g p r o c e d u r e f o l l o w e d w a s q u i t e 

s i m p l e . T h e d e s i r e d a i r a n d w a t e r f l o w r a t e s w e r e 

s e t a n d t h e l o o p a l l o w e d t o c o m e t o e q u i l i b r i u m . T h e 

t e m p e r a t u r e of t h e r e c i r c u l a t i n g w a t e r w a s f o l l o w e d 

c l o s e l y a n d m a i n t a i n e d b y a d j u s t m e n t of t h e r a t e of 

f l o w of c o o l i n g w a t e r . E q u i l i b r i u m w a s e s t a b l i s h e d 

w h e n t h e f l u i d t e m p e r a t u r e a n d t h e f l o w r a t e of t h e 

g a s p h a s e c a r r i e d u n d e r , m e a s u r e d o n t h e g a s m e t e r , 

a p p r o a c h e d c o n s t a n t v a l u e s . T h e d e s i r e d d a t a w e r e 

t h e n r e c o r d e d . T h e m i x t u r e q u a l i t i e s i n t h e r i s e r a n d 

d o w n c o m e r w e r e o b t a i n e d f r o m t h e m e a s u r e d g a s a n d 

l i q u i d f l o w r a t e s . T h e v o i d f r a c t i o n s w e r e c a l c u l a t e d 

f r o m d i f f e r e n t i a l p r e s s u r e d r o p s t a k e n a t s t r a t e g i c 

p o s i t i o n s a b o u t t h e s y s t e m , a s s h o w n i n F i g . 7. 

Fig. 7. Air-Water Loop Pres­
sure Top Layout 
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The differential pressure-drop readings were converted to void 
fractions in the following m.inner. For any systein, 

APT = APacc + APH + AFf 

Since the void fraction varied very little, if at all, in the regions where 
measurements were taken, the acceleration pressure drop, AP^ct' * ^ ^ 
essentially zero. Also, since the equivalent diameter of the conduits 
through which the fluid was flowing was quite large and because the velocity 
studied was quite small, it can be shown that the frictional pressure drop, 
APf, was also essentially zero. Therefore, 

APT = APH = [(1 - a ) PL + apg] L = PTPL (52) 

Solving for a gives 

a = [l - { P T P / P L ) ] / [ I -(Pg/PL)] (") 

This procedure for determining the void fraction was corroborated 
by obtaining density traverses with a gamma source. The gamma-attenuation 
techniques utilized have been previously described.' '3/ Briefly, the equip­
ment consisted of a thulium source, a photomultiplier tube with a thallium-
activated, Nal scintillation crystal, a linear current amplifier, and a 
recorder. The gamma rays were directed through the test section to the 
photomultiplier tube, where the unattenuated portion of the beam produced 
a signal. The signal was amplified and sent to the recorder. The voids 
determined by this technique checked extremely well with those evaluated 
from the pressure-drop measurements. Because of the excellent agree­
ment between the 2 methods auid the tedium of the calculation by gamma 
attenuation, the use of the gamma system for void determination was dis­
continued midway through the study. 

Data were taken over the following parameter ranges with the air-
water loop; 

Riser void fraction ttp 0.1 - 0.50 

Downcomer velocity VD -T - 2-j- ft/sec 

Riser quality X^ 0.0002 - 0.003 

Height of interface H 4 in - 1'' in 

Area ratio between 
downcomer and riser Ap/AR 1.70 

High-pressure Steam-Water Loop 

The high-pressure loop is HI hematically illust I'.ili'd in Fig. 8. 
Basically, this loop consisted of a heated section where tin- 2-phase 
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mixture was generated, a separation plenum similar to the one used on 
the air-water loop, a heat exchanger in the downcomer for measuring the 

quality of the mixture carried under , a make-
^J5}" up water system, and a steam condenser. 

n=i 

X 

MAKEUP 

INLET 

'l>f 

SEPARATION 
PLENUM 

HEATED 
" SECTION 

Water was pumped from the makeup 

tank through the test section, where it was 

boiled. The 2-phase mixture then passed 

upward to the separation plenum, where the 

separation of the phases occurred by gravity. 

The steam that was separated left the sepa­

ration plenum, was metered, condensed, and 

sent back to the makeup tank. The recircu­

lation water and the steam carried under 

discharged through the annular downcomer 

to a heat exchanger where the mixture com­

position was determined by means of a heat 

balance. From the downcomer heat ex­

changer the fluid (now single phase) flowed 

to the suction side of the recirculating 

pumps. 

Schematic of High-

pressure Loop 
Demineralized water was circulated 

through the loop by 100-gpm canned rotor 

puiTtps. There are 4 of these pumps a\'ailable in the system with a com­

bined capacity of 400 gpm. The water flow was regulated by air-operated 

control val\'es and a pump-bypass flow system. 

The high-pressure loop was coupled to a 1500-kw dc power supply 

that was used for resistance heating of the test section. The metallic 

rectifier apparatus consisted of 4 oil-immersed, dc power supplies, 4 oil-

to-air heat exchangers and associated oil pumps, a rectifier control 

cabinet, and external copper bus sections. Figure 9 shows these units in 

simplified block form as well as the main oU circuit breaker. Each of the 

power supplies was designated to deliver from 5,000 to 30,000 amp con­

tinuously and a maximum of 40,000 amp for one out of every 10 sec. The 

voltage ranged from 2 to 1 3 v. The 4 outputs could be connected in series, 

parallel, or series-parallel to deliver the following output: (1) parallel -

13 V at 120,000 amp; (2) series - 52 v at 30,000 amp; and (3) series-

parallel - 26 V at 60,000 amp. The rectifier units operated from a 3-phase, 

60-cycle, 12,800-v grounded neutral system. The oil was forced through 

the rectifier units and the heat exchangers to keep the operating tempera­

ture below 140°F, which is safely below the maximum permissible oper­

ating temperature of the selenium rectifier cells. The output power of the 

rectifier was manually controlled by means of a magnetic amplifier circuit. 

Current transducers are used to measure the output voltage of each unit 

and the total voltage applied to the load. 
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Fig . 9. Schematic of Power Supply for 
H i g h - p r e s s u r e Loop 

The des ign of the test sect ion was of a tube within a tube The 
heated sect ion cons i s t ed of a I j - i n . , schedule 40, 51^ - in . long, s t a i n l e s s 
s teel pipe, the ends of which had brazed copper terminal p lates . The 
heated sec t ion was inserted into and supported by a 2 - in . , schedule 80, 
s ta in l e s s s tee l pipe. Pr ior to insert ion, the heated sect ion was wrapped 
with 2 t h i c k n e s s e s of a Durabla gasket material along the axial length. The 
function of the Durabla mater ia l was to insulate the inner tube e l ec t r i ca l l y 
from the outer tube. The main function of the outer tube, as mentioned 
above, was to serve as the supporting m e m b e r for the heated sect ion. In 
this manner , the p r e s s u r e range over which the sect ion could be used was 
i n c r e a s e d substantial ly . Adrawingof the test sect ion i s presented in Fig. 10. 

The separation plenum was bas ica l ly the same as that employed in 
the a i r - w a t e r s tudies . The plenum was formed froin a 6 - i n . - d i a m e t e r , 
schedule 160, outer pipe with an internal 3 .0 - in . -d iameter pipe acting as 
the upconner or r i s e r . The area ratio between the annular downcomer and 
the r i s e r was 2:1. The s te . im-water mixture generated in the he.ited s e c ­
tion entered the separation plenum through the upcomer. Tlie s team which 
e s c a p e d from the plenum was discharged to the a i r - c o o l e d condenser 
through a p r e s s u r e - r e g u l a t i n g valve . The s team carr ied untler and the re ­
c irculat ing water were then passed through the downcomer heat exchanger. 



where the s t e a m was c o m p l e t e l y c o n d e n s e d . The r e q u i r e d cool ing c a p a c i t y 
was obtained by r egu l a t i ng the flow r a t e of cool ing w a t e r t h r o u g h the ex ­
changer and by inject ing cold m a k e u p w a t e r into the hea t e x c h a n g e r . 

F i g . 10 

H i g h - p r e s s u r e 
T e s t Sec t i o n 

The downcomer coo le r was e s s e n t i a l l y a p a r a l l e l - f l o w hea t e x ­
changer with a capac i ty for hea t r e m o v a l of a p p r o x i m a t e l y Z30 kw. A 
drawing of the exchanger is given in F i g . 1 1. 

COOLING WATER 

OUTLET 

Fig . 11 

H i g h - p r e s s u r e 
Downcomer Condense r 
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The external shell of the coo ler was a b - m . , si liedule IbO, steel pipe, the 
ends of which were enc losed by two b- in . , sihi'dule 160 c a p s . The cooling 
water entered the coo ler through four ^ - in . p ipes , which were individually 
valved. The cooling water was then disch. irged through a 1-in. pipe after 
pass ing through a manifold inside the coo ler , where the 4 s t r e a m s were 
combined. In this manner a s ingle reading of exit temperature was obtained. 

A l so , such an arrangement 
"jl r"^*! j i provided for greater f lexi­

bility of operation. The 
recirculat ing loop water 
entered the cooler at the 
bottom through a 2- in. l ine, 
and was d ischarged through 
another 2- in opening at the 
top. The res idence t ime of 
the water in the coo ler was 
approximately 5 s e c , which 
is more than adequate for 
quenching of the vapor 
phase. The condensation of 
the vapor phase was fol lowed 
by a s e r i e s of differential 
p r e s s u r e readings , which 
were taken along the length 
of the coole r. 

Brief ly , the operat­
ing procedure was as fol lows. 
The loop was gradually 
brought to saturation con­
ditions at the des i red p r e s ­
sure . When saturation 
conditions were reached, 
the rec irculat ing flow rate 
was adjusted to the des i red 

value and the power was adjusted to yield the predetermined quality. The 
interface height was then varied s lowly by creat ing an unbalance in the 
d i scharge rate of n^akeup water and s team. The true interface height was 
determined by employing a gamina t r a v e r s e . The interface was cons idered 
reached when a sharp increase in gainma intensity was observed , as shown 
in Fig . 12. Concurrent with these operat ions , the cooling water to the down­
c o m e r heat exchanger was adjusted continually to provide an adequate sub-
cool ing margin of ~5°F. The loop was then allowed to s tabi l ize comple te ly . 
After equi l ibrium was es tab l i shed , the following data were recorded: 

Fig. 12. A Gamma Intensity V e r s u s Height 
Trace for Interface Determination 
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Ti - inlet t e m p e r a t u r e of coo l ing w a t e r to d o w n c o m e r h e a t 
e x c h a n g e r 

T2 - out le t t e m p e r a t u r e of coo l ing w a t e r f r o m d o w n c o m e r h e a t 
e x c h a n g e r 

T3 - inlet t e m p e r a t u r e to t e s t s e c t i o n 

T4 - s t e a m dome t e m p e r a t u r e 

T5 - inlet t e m p e r a t u r e of 2 - p h a s e m i x t u r e in to d o w n c o m e r 
hea t e x c h a n g e r 

T^ - out le t t e m p e r a t u r e of r e c i r c u l a t i n g w a t e r in d o w n c o m e r 
hea t e x c h a n g e r 

T7 - m a k e u p - w a t e r t e m p e r a t u r e 

APi - d i f fe ren t ia l p r e s s u r e d r o p in r i s e r 

AP^ - d i f fe ren t ia l p r e s s u r e d r o p in a n n u l a r d o w n c o m e r 

A P3 - d i f fe ren t ia l p r e s s u r e d r o p in a n n u l a r d o w n c o m e r 

P-j s - power input to t e s t s e c t i o n 

H'p - i n t e r f ace he ight d e t e r m i n e d by g a m m a t r a v e r s e . 

The qual i ty of the 2 - p h a s e m i x t u r e e n t e r i n g the s e p a r a t i o n p l e n u m 
through the r i s e r , X R , was ob ta ined by a hea t b a l a n c e on the t e s t s e c t i o n . 
If the hea t l o s s e s , which w e r e found to be n e g l i g i b l e , w e r e i g n o r e d , t h i s 
ba lance is 

3413 P / 3 6 0 0 = W T (Ahsub + ^^ig) 

R e a r r a n g e m e n t y ie lds 

(3413 p / 3 6 0 0 W T ) - Ahs^b 
X R = 54 

hfg 
where 

P = power d e l i v e r e d to t e s t s e c t i o n , kw 

W T = r e c i r c u l a t i n g flow r a t e , l b / s e c 

^^Sub = subcool ing of l iquid e n t e r i n g the h e a t e d s e c t i o n , B t u / l b 

hfg = la tent hea t of v a p o r i z a t i o n , B t u / l b . 

The qual i ty of the 2 - p h a s e m i x t u r e l eav ing the s e p a r a t i o n p l e n u m 
through the d o w n c o m e r , X Q , was c a l c u l a t e d f r o m a h e a t b a l a n c e on the 
downcomer hea t e x c h a n g e r a s fol lows-
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( W - r - W s - W ^ „ ) h . » , . W . h ^ . W^^hg . W-i-h.ub • W^ool (h„u,-h ,n) . Q | o , , , (55) 

w h e r e 

W T = t o t a l r e c i r c u l a t i n g w a t e r f low r a t e , l b / s e c 

Wg = s t e a m d i s c h a r g e d f r o m l o o p , l b / s e c 

^ ' c u = s t e a m c a r r i e d u n d e r in d o w n c o m e r , l b / s e c 

^ ' c o o l - c o o l i n g w a t e r f l ow r a t e s to h e a t e x c h a n g e r , l b / s e c 

^ s a t - s a t u r a t i o n e n t h a l p y , B t u / s e c 

h m = m a k e u p - w a t e r e n t h a l p y , B t u / s e c 

h„ = s a t u r a t e d v a p o r - p h a s e e n t h a l p y , B t u / s e c 

^ s u b - e n t h a l p y of r e c i r c u l a t i n g f lu id l e a v i n g d o w n c o m e r h e a t 
e x c h a n g e r , B t u / l b 

^out - c o o l i n g - w a t e r e n t h a l p y l e a v i n g d o w n c o m e r h e a t e x c h a n g e r , 
B t u / l b 

h in = c o o l i n g - w a t e r e n t h a l p y e n t e r i n g d o w n c o m e r h e a t e x ­
c h a n g e r . B t u / l b 

Q l o s s - h e a t l o s s f r o m s y s t e m b e t w e e n d i s c h a r g e p o i n t s of 
d o w n c o m e r and h e a t e x c h a n g e r , B t u / s e c . 

R e a r r a n g i n g and d e f i n i n g , 

W C U / W T = X D ; h s a t - h s u b = - h j u b 

and n o t i n g that W^ = W m , E q . ( 55 ) r e d u c e s t o 

( * m / * T ) ( ' ' . a t - N I . ) " ^^.^b • (Wcool/WT)(hout - Kn) * ( Q 1 O . . / W T ) , . , , 
XD KT, ' " ' 

T h e s t e a m v o l u m e f r a c t i o n s w e r e a g a i n c a l c u l a t e d f r o m d i f f e r e n t i a l 
p r e s s u r e - d r o p m e a s u r e m e n t s a s d e s c r i b e d for the a i r - w a t e r s y s t e m and 
c o r r o b o r a t e d by g a m m a t r a v e r s e w h e r e p o s s i b l e . 

T h e p a r a m e t e r r a n g e s s t u d i e d wi th the h i g h - p r e s s u r e l o o p w e r e 

R i s e r v o i d f r a c t i o n s Ue 

P r e s s u r e s P 

D o w n c o m e r v e l o n l i e s V p 

I n t e r f a c e h e i g h t s H 

D o w n c o m e r t o r i s e r 
a r e a r a t i o s A p / A p : 

0.1 I,. 0 . 5 0 

6 0 0 , 1 0 0 0 , a n d 1 5 0 0 p s i 

O.S V n 2 .5 f t / s e c 

6 11 IS in. 
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V. COMPARISON OF A I R - W A T E R DATA WITH T H E 
T H E O R E T I C A L ANALYSIS 

A c o m p a r i s o n was m a d e be tween the a i r - w a t e r da ta and E q s . (46) 
and (51) of Sect ion III to check the va l id i ty of the a n a l y s i s . The e n t r a i n ­
men t volume f rac t ion r a t i o a j ) / a R and the weight f r a c t i o n r a t i o X D / X R 
w e r e computed for a p p r o x i m a t e l y 30 r u n s and c o m p a r e d wi th the e x p e r i ­
men ta l va lues . The r u n s s e l e c t e d for c o m p a r i s o n c o v e r e d v i r t u a l l y the 
en t i r e p a r a m e t e r r ange s tud ied . 

The following p r o c e d u r e was fol lowed in c o m p u t i n g the e n t r a i n m e n t 
vo lume t r i c r a t i o s as out l ined in Sect ion II: 

1. In a g r e e m e n t with the a s s u m e d fluid b e h a v i o r ( s ee Sec t i on II), 
a mean fluid ve loc i ty ( V L J + V L 2 ) / 2 in the p l e n u m w a s c o m p u t e d by a v e r ­
aging the t r u e fluid v e l o c i t i e s in r i s e r and d o w n c o m e r . By m e a n s of t h i s 
m e a n fluid ve loc i ty , an a v e r a g e bubble d i a m e t e r in the p l e n u m w a s ob t a ined 
f rom the bubble s ize vs t r u e l iquid v e l o c i t y c o r r e l a t i o n d e s c r i b e d in A p ­
pendix B, F ig . B - 7 , and the c o r r e s p o n d i n g va lue of the t e r m i n a l bubb le 
veloci ty was found f rom the p r o p o s e d r e l a t i o n s h i p for DQ VS VO g iven in 
Appendix A, F ig . A - 1 . 

2. F a c t o r s 7) = ( V L , - V o ) / ( V L , + Vo) and a = 2Vo/(2Vo + V L , - V L J 
w e r e then computed f rom the t r u e fluid v e l o c i t i e s in the r i s e r and down­
c o m e r . F r o m a knowledge of the g e o m e t r i c a l d i m e n s i o n s of t he r i s e r and 
downcomer , W A and R, , the fac to r f was c a l c u l a t e d f r o m Eq . (19) of 
Section 11. 

3. The e x p r e s s i o n for the a r e a r a t i o A C / A D is g iven in Sec t ion II, 
Lq. (23), and was c a l c u l a t e d f r o m the f ac to r f and the g e o m e t r i c a l d i m e n ­
sions of the s y s t e m . 

'^- The quant i ty a c / a R was c o m p u t e d f r o m Eq. (34) in Sec t ion II. 
The exponent m is given by Eq. (C-2) m Append ix C and r e q u i r e s only 
that the t rue l iquid ve loc i ty and void f r a c t i o n m the r i s e r be d e t e r m i n e d . 

5. The equat ion for F B , the to ta l n u m b e r of b u b b l e s tha t a r e 

" ! . ? ! K • *° ^ " ' ^ ^ ^ ' ^ - ^ - ' ' - given by Eq . (24) in Sec t i on III, c a n be r e -
ZSTB^ITT^T.^^ * ' e x p r e s s i o n s for the c o n s t a n t s P , b , and c of 
E q s . (B-17) , (B-18) , and (B-19) of Append ix B a s fo l l ows : 

r^c/z 
^B=j^ T ( 7 ^ (bR)%-̂ ^ dR , („) 

where D r e p r e s e n t s the c r i t i c a l bubble d i a m e t e r , i . e . , the d i a m e t e r of the 
m a x i m a l s ize bubble which can be e n t r a i n e d . * ' 



41 

If bR = v and c = pi, Eq. (57) becomes 

'bDc/2 

"" / r (p , f 1) 
J 0 

^ B -- / -pT-^-rr- (v)""' e" ' 'dv . (57a) 
' 0 

By substituting u, .^pj + 1 for the upper limit of the integral, one obtains 

7' 
>^ 0 

«u, y p . + i p, -v 

where Ii (ui, pi) represents an incomplete Gjimma Function with the 
parameters 

" i bDc/2 y p , t 1 ; pi = c (57c) 

The crit ical bubble diameter D^ is determined by the first en­
trainment condition. This condition states that only bubbles having a te r ­
minal velocity smaller than the true liquid velocity in the downcomer can 
be entrained. So, by means of the true liquid velocity in the downcomer as 
an upper limit, the critical bubble diameter CeUi be obtained from the pro­
posed relationship bubble size versus terminal bubble velocity as given in 
Appendix A, Fig. A- 1. 

The proper values of the incomplete gamma function are tabu­
lated as functions of the parameter u and p in Ref. (4). 

6. In order to compute the radii ratio ( • \/ ' i) it is necessary to 
determine the average bubble radius in the r i se r and upper downcomer. 
By means of bubble size distribution, as described in Appendix B, the aver­
age bubble radius ' in the r i se r is given by 

' - / r(c + 
- ( b R ) ^ e - b R R d r / / ^ ^ ^ (bR)^ e ' ^ ^ jR . (58) 

To be cor rec t , the upper limit of the integral should be Rmax-
the largest bubble radius found. To simplify the computation, infinity was 
used as the upper limit. This sinnplification does not introduce any sig­
nificant e r r o r , since the distribution function approaches zero very rapidly 
for R y Rmax 
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Substituting bR = t and noting that 

/
>00 

t': e-t dt 
0 

/.CO 

r (c+2) = / t^+' e-t dt 
Jo 

Eq. (58) yields 

Xi = r(c + 2)/br(c + l) . (58a) 

Similarly, the average bubble radius X^ in the upper down­
comer becomes 

rOcA , /rDc/2 
X^ = / ^ ( ^ (bR)^ e-bR RdR/ / ^ ^ — ^ (bR)^ e '^R dR . (59) 

Here the upper limit of the integrals is again the cri t ical bubble radius as 
defined by the first entrainment condition in Section III. Therefore, the 
denominator yields I, (u,, p,), as shown in item 5. By means of the same 
procedure as before, the numerator proves to be 

r(c + 2) , , 
^Yl^hi-z.Pz) . (59a) 

where I2 (u2, P2) again stands for an incomplete gamma function with the 
parameters 

bDc/2 
P2 = c + 1 . (59b) yc + 2 

Therefore, the average bubble radius 1(, reduces to 

r(c + 2) Iz (uz, Pa) 
" br(c + l) I i ( u „ p , ) • (59c) 

and the radii ratio (Xz/Xi) simplifies to 

' (zAi = Iz(Uz, Pz)/li(u,, p,) 

where the expressions for the parameter u,, uz, p, , and pz are given 
Eqs. (57c) and (59b). 

(60) 

7. The factors k, and kj, which take care of the height effects were 
found to be negligible for the parameter range studied (interface height 7 
and 15 in. . "̂  



The calculated \olumetric entrainment ratios for the 50 runs are 
compared with the measured values in Table I. 
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H , 
in. 

15 
7 

15 
7 

15 
7 

15 
7 

15 
7 

15 
7 

15 
15 

7 
15 

7 
15 

7 

15 
7 

15 
7 

15 
7 

15 
7 

15 
7 

15 

C A L C U L A T E D A.ND 

WH.O. 
lb >rc 

15.4J2 
15.<22 
15.422 
15.422 
21.841 
21.841 
21 .919 
21.702 
21 .702 
21 .702 
21 .702 
21 .702 
21 .702 
28 .129 
28 .129 
28 129 
28 .129 
28 129 
28 .129 
28 .129 
28 .129 
21 .70 
21 .83 
21 .88 
21.51 
21.64 
21.55 
21.65 
21.81 
21 70 

( W A i r ' R 
ft src 

0 02362 
0 02362 
0 .03161 
0 .03161 
0 .00462 
0 .00462 
0 .01346 
0.01 361 
0 02240 
0 .02240 
0 .03341 
0 .03341 
0 .04279 
0 00565 
0 .00565 
0 .01711 
0 .01711 
0 .0287 
0 .0287 

0 .04291 
0 .04291 
0 .00457 
0 00457 
0 01322 
0.01344 
0 .02249 
0 .02249 
0 03392 
0 0 3 392 
0 .04314 

M E A . S U R E D V O L U M E T R I C : E N T R A I N M E N T RATIO.S 

VR. 
ft 'sec 

l .SOi 
1 503 
1.50 3 
1.503 
2 .128 
2 .128 
2 .136 
2.115 
2.115 
2.115 
2.115 
2.115 
2.115 
2 .741 
2.741 
2.741 
2.741 
2.741 
2.741 
2 741 
2.741 
2.115 
2.127 
2.132 
2 .096 
2 .109 
2.100 
2.110 
2.125 
2 12 ) 

V'D. 
f t / s e c 

0.917 
0.917 
0.917 
0.917 

1.299 
1.299 
1.304 
1.291 
1 291 
1.291 
1.291 
1.291 
1.291 
1.673 
1 673 
1.673 
1.673 
1.673 
1.673 
1.673 
1.673 
1.291 
1.298 
1.301 
1.279 
1.278 
1.282 
1.288 
1.297 
1.296 

JR 

0.3135 
0. J137 
0 .3720 
0 .3720 
0 .0732 
0 0752 
0.1881 
0 .1933 
0.2675 
0 .2717 
0 .3250 
0 .3302 
0 .3678 
0 .0690 
0 0752 
0 .1986 
0.1965 
0 .2529 
0 .2633 
0 3093 
0 .3093 
0 0804 
0.0825 
0 .1771 
0 1820 
0 .2480 
0 .2570 
0 .3150 
0 .3170 
0 (S20 

'D 

0.211 
0 2738 
0.2404 
0 2822 
0 .1411 
0 .1630 
0 .1797 
0.1965 
0 .2017 
0 .2497 
0 .2289 
0 .2289 
0.2445 
0 .1108 
0 .1233 
0 .1777 
0 .2132 
0.1965 
0 .2362 
0 .2257 
0 .2362 
0 .1350 
0 ,1790 
0 .2050 
0 .2520 
0.227 
0.262 
0.257 
0 .306 
0 284 

'Dl 

.SU-,!!, 

0 .6733 
0 8618 
0 6462 
0 .7586 
1.9289 
2.1676 
0 .9553 
1.0166 
0 .7540 
0 .9190 
0 7043 
0 7817 
0 .6648 
1.6058 
1.6396 
0.8947 
1.0851 

0 .7769 
0 .8986 
0 7297 
0.7635 

1 6791 
2 .1697 
1.1582 
1.3846 
0 9153 
1.0194 
0 8195 
0 .9653 
0 80b8 

'R 

C J I C 

1.3318 
1.2346 
1.9409 
1.7048 
0.4317 
0 3258 
0 .9580 
1.1278 
1.3337 
1.4452 

1.5289 
1.5669 
1.6340 
0.81 13 
0 8194 
1 2944 
1 2316 
1.3749 
1.3144 
1.4340 
1.4088 
0 3482 
0 .3947 
0 .9282 
0 .9482 
1.2308 
1.2302 
1.4014 
1.3018 
1 4304 

The agreement between the experimental and predicted values of 
entrainment was good only over a very limited parameter range, namely, 
the medium r i se r void volume fraction and velocity range. Sharp devia­
tions between the calculated and measured values were obtained in the low 
and high ranges of void volume fraction. 

The major uncertainty in the analysis was the choice of the proper 
terminal velocity versus bubble size relationship, which is described in 
Appendix A. The calculated volume fraction ratio of entrainment void is 
extremely sensitive to the buoyancy velocity VQ. Small ch.inges in Vo 

file:///olumetric
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produce l a rge v a r i a t i o n s in the final c a l c u l a t e d r e s u l t s . The q u a n t i t i e s fi, 
S c / a R , A c ( V L , + V O ) / ( V L Z - V O ) , and 2V„/(2Vo + V L , - V L Z ) a l l a r e a f fec ted . 
The use of the p r o p o s e d bubble v e l o c i t y - s i z e r e l a t i o n s h i p in t he a n a l y s i s 
is ce r t a in ly ques t ionab le . As a s s u m e d in Append ix A, t h i s r e l a t i o n s h i p 
was developed f rom data ob ta ined with s y s t e m s for which the r i s e of a 
single bubble in a s tagnant fluid was s tud ied . It would, i ndeed , be s u r p r i s ­
ing if the s ame r e l a t i o n s h i p would apply when a l a r g e n u m b e r of b u b b l e s 
a r e moving in a flowing fluid. An a t t e m p t was m a d e to deve lop a bubb le 
velocity v e r s u s bubble s i ze c o r r e l a t i o n which would be a p p l i c a b l e to such 
a sy s t em. The t r u e gas v e l o c i t i e s w e r e c o m p u t e d f r o m the m e a s u r e d void 
volume f rac t ions and w e r e then coup led to the p r o p e r bubble s i z e by u t i l ­
izing the bubble s ize v e r s u s t r u e l iquid ve loc i t y c o r r e l a t i o n d e s c r i b e d in 
Appendix B. The c u r v e d e r i v e d in th i s m a n n e r i s shown in F i g . 13. As is 
shown, the bubble ve loc i ty i n c r e a s e s as the bubble s i ze d e c r e a s e s , which 
re la t ionsh ip differs subs t an t i a l l y f r o m the c o r r e l a t i o n d e r i v e d for the r i s e 
of single bubbles in a s tagnant fluid w h e r e the bubble v e l o c i t y i n c r e a s e s as 
the bubble s ize i n c r e a s e s . Th i s a p p a r e n t l y c o n t r a d i c t o r y r e l a t i o n s h i p r e ­
sul ts f rom the unique c h a r a c t e r i s t i c s of 2 - p h a s e flow. It h a s b e e n shown 
in Appendix B that , as the t r u e l iquid ve loc i t y i n c r e a s e s , the bubble s i ze 
d e c r e a s e s . Also, as the t r u e l iquid ve loc i t y i n c r e a s e s the p r e s s u r e d r o p 
i n c r e a s e s . One can then pos tu la t e tha t the gas p h a s e is then a c c e l e r a t e d 
to inainta in a constant p r e s s u r e d rop for e a c h p h a s e . 

1.6 1.9 

Fig . 13. Average Bubble Size V e r s u s T e r m i n a l 
or Re la t ive Gas Veloc i ty . 

^ A study of photographs and a v i s u a l o b s e r v a t i o n i n d i c a t e s tha t the 
t e r m ttc/o-R in the ana lys i s was l i kewi se sub jec t to q u e s t i o n . The void 
f ract ion ac did not appear to d e c r e a s e m a r k e d l y n e a r the r i s e r wal l at 
the r i s e r exit as Eq. (34) would p r e d i c t . In fact , at t i m e s it a p p e a r e d tha t 
the gaseous phase tended to c o n c e n t r a t e t h e r e . A s tudy of the fluid 
s t r e a m l i n e and veloci ty g r ad i en t s n e a r the top of the r i s e r and d o w n c o m e r , 
as shown m F i g s . 2 and 3. a l so sugges t s that the void f r a c t i o n n e a r the 
r i s e r wall should not drop abrup t ly . The fluid s t r e a m l i n e s bend t o w a r d 
he r i s e r wal l , and the veloci ty i n c r e a s e s a s the fluid c o m p l e t e s the 180° 

t u rn from r i s e r to downcomer . The ve loc i ty p rof i l e w a s e s s e n t i a l l y d e ­
pendent on the d i s tance f rom the r i s e r wa l l , and a s t r o n g v e l o c i t y g r a d i e n t 
was e s t ab l i shed in th is region . Bankhoff(5) h a s p r o p o s e d tha t the v o i d s 
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tend to migrate toward the region m the highest velocity because of the 
Bernoulli force on the bubble. Such a proce.ss would accoiuit for the void 
profiles that have been shown to have the highest void fraction in the center 
of the conduit in the region of high velocity. Similarly, at the r i se r exit, 
one would expect the voids to migrate to some extent to the peripheral re ­
gion of the r i ser and thus flatten the void distribution across the conduit. 
Since the magnitude of this effect was unknown, the ratio a^/aR was set 
equal to unity. 

The entrainment ratios were then recalculated by means of the 
buoyancy velocities obtained from Fig. 13 to evaluate the factors '^, a, f, 
and A ^ / A Q . The remaining factors were computed as described previously 

except for the ratio 3ic/5R The 
agreement between the measured 
and calculated values iinprovcd 
markedly with these modifications 
and, in fact, may be considered 
good over a substantial range of 
the parameters studied. A com­
parison is given in Fig. 14 by 
means of an e r ror plot. The cal­
culations showed that the ca r ry -
under emanated from the extreme 
peripheral region of the r iser 
This was confirmed by visual ob­
servations during actual tests and 
by trace photographs of the type 
shown in Fig. 5. The points that 
do deviate widely are subject to 
question The 6 points that hase 
a much lower calculated value of 
the CID/:IR ratio than measured 
are representative of very low-
r iser void fractions. They may 
be in e r ro r because of a distorted 
void distribution. As mentioned 
previously, the air was introduced 
into the r iser by ineans of a 

peripheral injection system. For a very low air rate it was observed that 
the air tended to remain at the periphery. Such a distribution could lead 
to excessive carrj-under. The 4 data points for which calculated values 
were much too high covered conditions for which the downcomer velocity 
was low and was almost equal to the bubble buoyancy vcloi i t ies. Under 
such conditions, the slip ratios were extremely low and their accuracy 
was extremely sensitive to ineasured void fractions, whuh .in- thin re­
flected in the velocity ratio Vjj/Vp„( As disrii^si-d \u .Appendix 1), it is 
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be l i eved that the m e a s u r e d void f r a c t i o n s in th i s r a n g e m a y be in e r r o r . 
It was o b s e r v e d that u n d e r t h e s e cond i t i ons s o m e of the a i r e s c a p e d a s a 
r e s u l t of c o a l e s c e n c e af ter hav ing been e n t r a i n e d . T h i s cou ld l e a d to a b ­
n o r m a l l y high void f r ac t ions and then to e x c e s s i v e l y low s l ip r a t i o s and 
high ve loc i ty r a t i o s . A b n o r m a l l y h igh v e l o c i t y r a t i o s V g / V e n t w e r e o b ­
ta ined for t he se po in t s , so tha t the c a l c u l a t e d v a l u e s of a D / a R w e r e e x ­
t r e m e l y high and a r e subject to ques t i on . 

The p e r c e n t c a r r y u n d e r by weight w a s then c a l c u l a t e d by m e a n s of 
Eq. (51) with the a b o v e - m e n t i o n e d m o d i f i c a t i o n s . 

Good a g r e e m e n t be tween the c a l c u l a t e d and m e a s u r e d v a l u e s of the 
qual i ty r a t io X D / X R was obta ined. The c o m p a r i s o n is shown by m e a n s of 
an e r r o r plot in F ig . 15. The m a j o r i t y of the po in t s fall w i th in ±20%. 
Again, the data that devia te g r e a t l y f rom the p r e d i c t e d v a l u e s a r e the low 
r i s e r void f ract ion and low downcomer ve loc i t y p o i n t s . F r o m Eq . (51) it 
can be seen that the p e r c e n t c a r r y u n d e r is g o v e r n e d p r i m a r i l y by the 
factor AQ, which is the r i s e r a r e a f rom which the c a r r y u n d e r e m a n a t e s . 
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Fig . 15, E r r o r Plo t of the P r e d i c t e d V e r s u s M e a s u r e d 
Weight F r a c t i o n C a r r y u n d e r Ra t io 

The good a g r e e m e n t obtained be tween the p r e d i c t e d and m e a s u r e d 
values sugges t that the p r o p o s e d highly s impl i f i ed c a r r y u n d e r m o d e l does 
d e s c r i b e the ac tual phys ica l condi t ions ex i s t ing in the p l e n u m ; h o w e v e r , 
with w i d e ? " e s t ab l i shed . Addi t ional t e s t s and da t a a r e n e e d e d 
with widely vary ing g e o m e t r i c a l a r r a n g e m e n t and ex t ended p a r a m e t e r 

Aside f rom the d e s i r e d object ive of p r e d i c t i n g the c a r r y u n d e r , the a n a l y s i s 
p roved e x t r e m e l y helpful in outl ining the p e r t m e n t p a r a m e t e r m t h T s tudy 
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No attempt was made to compare the analysis with the high-
pressure data because of the lack of information on the actual bubble size, 
phase distribution in the pipe, bubble size versus terminal velocity re la­
tionship, e tc . , at the increased temperatures and p res su res . 
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VI. E M P I R I C A L CORRELATION O F CARRYUNDER DATA 

The d i s c u s s i o n of the e m p i r i c a l c o r r e l a t i o n s and t r e n d s which w e r e 
obtained from the c a r r y u n d e r da ta is p r e s e n t e d in 2 s e c t i o n s : ( l ) a i r - w a t e r , 
and (2) s t e a m - w a t e r s t ud i e s . The a i r - w a t e r s tudy was r u n p r i m a r i l y to 
study the effects of the v a r i o u s s y s t e m v a r i a b l e s , such a s d o w n c o m e r v e ­
locity, m i x t u r e qual i ty , i n t e r f ace height , and s y s t e m t e m p e r a t u r e . E a c h of 
these p a r a m e t e r s was v a r i e d ind iv idua l ly whi le holding the r e m a i n i n g 
p a r a m e t e r s cons tan t . Data w e r e then taken wi th the h i g h - p r e s s u r e s t e a m -
water loop to study the effects of p r e s s u r e and fluid p r o p e r t i e s . 

A i r - W a t e r Study 

The f i r s t s e r i e s of a i r - w a t e r t e s t s w e r e r u n to s tudy the ef fec ts of 
in ter face height on c a r r y u n d e r . The l iquid and g a s flow r a t e s w e r e s e t and 
then the in te r face height was v a r i e d f rom H / D = 4 to H / D = 0 .75 . F o r 
each s t e a d y - s t a t e se t t ing, the v o l u m e t r i c r a t i o of c a r r y u n d e r and the weight 
f ract ion of c a r r y u n d e r w e r e m e a s u r e d . The p r o c e d u r e was r e p e a t e d for a 
s e r i e s of a i r and wa te r flow r a t e s unt i l a s u b s t a n t i a l c r o s s s e c t i o n of the 
voids and ve loc i ty r a n g e s was c o v e r e d . Typ ica l r e s u l t s f r o m t h e s e t e s t s , 
in which the downcomer ve loc i ty was held cons t an t , a r e shown in F i g s . 16 
and 17. Vo lumet r i c c a r r y u n d e r and weight f rac t ion c a r r y u n d e r r a t i o s a r e 

plot ted a s a funct ion of the i n t e r ­
face height and, as can be seen , 
a fami ly of c u r v e s is ob ta ined for 
the v a r y i n g q u a l i t i e s . The vo lu ­
m e t r i c c a r r y u n d e r r a t i o i s defined 
as a j j / t t j ^ , w h e r e aj-, i s the void 
vo lume f r ac t ion in the down­
c o m e r and ttR is the void v o l ­
u m e f r ac t ion in the r i s e r . The 
weight f r ac t ion c a r r y u n d e r r a t i d 
is defined as Xj-,/Xj^, w h e r e 
X Q is the weight f r a c t i o n of the 
g a s p h a s e in the d o w n c o m e r and 
Xj^ is the weight f r a c t i o n of the 
g a s p h a s e in the r i s e r . The 
r a t i o is a c t u a l l y equ iva l en t to 

the pe rcen tage of the gas phase which is c a r r i e d u n d e r , s i nce X n / X p = 

INTERFACE H E I G H T , 

Fig . 16. Effect of In ter face Height on 
the Volumet r i c C a r r y u n d e r . 

WgD/WgR. It IS appa ren t f rom F i g s . 16 and 17 that t h e r e is ver"y litVle 
effect of in te r face height on the magn i tude of c a r r y u n d e r beyond a he igh t 
of - 6 - 8 m. ,which IS r e a s o n a b l y c lose to H / D = 1. Th i s fact is in good 
a g r e e m e n t with the s tudies of f luid-flow s t r e a m l i n e ( d i s c u s s e d p r e v i o u s l y 
n Section ll) which showed s i m i l a r c h a r a c t e r i s t i c s . The l a r g e r vo ids in 

the downcomer than in the r i s e r , a s s een in F ig . 16, s t e m f rom the unique 
c h a r a c t e r i s t i c s of 2 -phase flow m downflow. As the d o w n c o m e r v e l o c T y 
a p p r o a c h e s the buoyancy ve loc i ty of the g a s bubb l e s , the v o l u m e f r a c t i o n 
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'•ti«<sa ^ • • • . 

Fig. 17. Effect of Interface Height 
on the Weight Fraction 
Carryunder. 

i n c r e a s e s sharply, s ince the r e l a ­
tive ve loc i ty of the 2 phases is 
approaching zero . Thus, for con­
ditions in which downcomer flow 
ve loc i t i e s are very c lo se to the 
buoyancy ve loc i ty of the gas bubble, 
the downcomer void fractions be­
come very large and, in fact, much 
larger than r i s e r void fract ions . 

A second s e r i e s of runs 
were then made to study the effect 
of temperature , s ince it was ob­
served that, unless the temperature 
of the water was held to within 
rather narrow l imi ts , the data were 
not reproducible . Although the t e m ­
perature of the s y s t e m could not be 
varied over a wide range, a large 

effect was found over the temperature interval from 60 to 115'F, as shown 
in Fig. 18. The data shown in this figure are for constant mixture quality 
and flow rate . As can be seen, the quantity of the gas phase carr ied under 
d e c r e a s e s sharply as the t e m p e r a ­
ture is increased . Since all the phys­
ical propert ies of the s y s t e m remain 
virtual ly constant or varied very ;" 
l i t t le , except for the v i s c o s i t y , the 5 
change in carryunder is attributed " 
to the change in v i s c o s i t y . S 

A strong effect of the liquid- § 
phase m a s s ve loc i ty on carryunder S 
is shown in Fig. 19. In Fig. 19 the ' 
weight fraction ratio, which is equiv- ^ 
alent to the % carryunder, is plotted , 
as a function of the superf ic ial liquid- •" 
phase downcomer ve loc i ty for a fixed 
g a s - p h a s e flow rate and interface 
height. As can be seen , the c a r r y -
under increased sharply once the 
ve loc i ty threshold was surpassed and 
continued to r i s e steadi ly , but at a l e s s e r rate, as the downcomer ve loc i ty 
increased further. 

Fig. 18. Effect of Temperature 
on Carryunder. 

An opposite effect was observed as the g a s - p h a s e m a s s ve loc i ty 
increased ( see Fig. 20). For a constant l iquid-phase m a s s ve loc i ty and 
interface height, the percent carryunder d e c r e a s e d as the g a s - p h a s e flow 
rate increased . The same behavior pattern was found for each of the liquid 
m a s s v e l o c i t i e s studied. 
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Fig. 19. Effect of Super f ic ia l 
Downcomer Veloc i ty 
on C a r r y u n d e r . 

The da ta w e r e p lo t ted a c c o r d ­
ing to r e l a t i o n s h i p s deve loped f r o m 
the a n a l y t i c a l s tudy and d i m e n s i o n a l 
a n a l y s i s . The r e d u c e d da t a w e r e 
f i r s t p lo t ted a s (Xj j /Xj^) v e r s u s 
(V / V g n t ) ; the l a t t e r is the r a t i o of 
the t r u e g a s v e l o c i t i e s in r i s e r and 
d o w n c o m e r . The v e l o c i t y r a t i o i s 
a function of the void f r a c t i o n and 
s l ip r a t i o , a s shown by the following 
equa t ion : 

\ ^D^l-^^D ( V ^ L ) R 

^ent^^R^^-'^R ^ V U ^ 
• (61 ) 

INTERFACE HEIGHT 

O.OB 

W , l b / s e c 

Fig. 20. Effect of R i s e r Qual i ty on C a r r y u n d e r . 

As can be seen in Fig. 21, the p e r c e n t c a r r y u n d e r is a function of the v e l o c ­
ity ra t io , but a family of c u r v e s is obta ined for the d i f fe ren t l iquid m a s s 
ve loc i t i e s . The data plotted in the f igure w e r e t aken a t c o n s t a n t t e m p e r a ­
tu re and from a single g e o m e t r i c a l a r r a n g e m e n t . However , the i n t e r f a c e 
height va r i ed from 4 to 19 in. S imi l a r c u r v e s w e r e ob ta ined for the d i f fe r ­
ent t e m p e r a t u r e s . 

The data were then plotted as a function of the d i m e n s i o n l e s s g r o u p ­
ings that were der ived through d i m e n s i o n a l a n a l y s i s , n a m e l y , 

V „ / V e n t o/ixY and g D / v ' 
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Fig. 21. The Weight Fraction Carryunder 
Ratio Versus Vg V^^j. 

Initial plots indicated that an exponent of y was required on the re­
ciprocal of the Froude Number to bring the data together. .\ plot of data 
according to the relationship 

^ D ^ ' R = ' -\(^](IR''' (62) 

is given in Fig. Zi- The data shown represent a wide range of mixture 
qualities, 3 different liquid mass velocities, and 2 different temperatures . 
As can be seen, the data are correlated fairly well by this relationship. 

Another ser ies of runs were then made to study the effect of system 
geometry. Due to limited volumetric air and water capacities the system 
could not be enlarged; as a result, a smaller geometrical arrangement was 
studied. Data were taken at a constant temperature and varying mixture 
qualities, interface heights, and mass velocities. The data were plotted 
according to the same relationship used to correlate the previous sets of 
data, Eq. (62), and a separation occurred; that is, the data points fell below 
the data points for the larger system. The separation was found to be due 
to the diameter factor in the Froude Number. It was determined that the 
2 sets of data could be brought together essentially by the following 
relationship 



e n t 

K 

vV 

1/2 

(63) 

^ u •= Ident ical to Eq. (62) with the e x c e p t i o n tha t the D is r e m o v e d 
Tr'om t e F u r N u m b ' e r ^ As a r e s u l t , the r e l a t i o n s h i p is no l o n g e r d i m e n -
s ' r i e s s A plot of a l l the data a c c o r d i n g to Eq . (63) is shown m F i g . 23. 
As can be seen, the s c a t t e r of the da ta is not e x c e s s i v e , and a b a s i c c o r r e ­
lation a p p e a r s to have been deve loped . 

Fig. 22. D i m e n s i o n l e s s C o r r e l a t i o n of 
A i r - W a t e r C a r r y u n d e r Data . 

The a i r - w a t e r study has thus d e m o n s t r a t e d the dependence of c a r r y -
under on a number of the s y s t e m and fluid v a r i a b l e s , and t h e r e i n l i e s i t s 
va lue . The v a r i a b l e s a r e : ( l ) s y s t e m g e o m e t r y f a c t o r s , such a s a r e a r a t i o 
between downcomer and r i s e r , d i a m e t e r of the r i s e r , and he igh t of the 
2 -phase m i x t u r e in ter face above the r i s e r ; (2) w a t e r and a i r m a s s v e l o c i ­
t i es and the i r r e l a t i ve ve loc i t i e s (the c a r r y u n d e r is e s p e c i a l l y s e n s i t i v e to 
the l iqu id -phase m a s s ve loc i ty) ; (3) the t e m p e r a t u r e - d e p e n d e n t p h y s i c a l 
p r o p e r t i e s of the fluids, such as v i s c o s i t y , dens i ty , and s u r f a c e t e n s i o n . 
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Fig. 23. Nondimens ionless Correlat ion of 

Air-Water Carryunder Data. 

The latter group represented the var iables that were bel ieved to be 
quite important and which required substantial additional study. As a 
result , it was decided to explore the effects of these parameters further 
on a h i g h - p r e s s u r e s t e a m - w a t e r s y s t e m in which they could be varied 
conveniently with p r e s s u r e . The resu l t s of these studies are given in the 
following sect ion . 

H igh-pres sure Steam-Water Study 

Three s e r i e s of data were taken at p r e s s u r e s of 600, 1000, and 
1500 psi . The interface height and the vapor and liquid m a s s ve loc i t i e s 
were var ied in a manner s i m i l a r to that descr ibed in the a i r -water s tudies . 

In genera l , s imi lar trends were developed in the h i g h - p r e s s u r e 
data as were observed in the a i r -water data. The notable exception was 
the variation of the percentage carryunder with increas ing g a s - p h a s e 
m a s s flow rate. The a i r -water data, shown previous ly in Fig. 20, indicated 
that the carryunder d e c r e a s e d as the g a s - p h a s e m a s s ve loc i ty increased . 
However, the h i g h - p r e s s u r e data showed a somewhat different trend ( see 
Fig. 24). For a fixed p r e s s u r e and liquid m a s s ve loci ty , as the g a s - p h a s e 
flow rate was increased (by increas ing power), the carryunder initially 
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d e c r e a s e d and r e a c h e d a m i n i m u m and then began to i n c r e a s e . The t r e n d 
was the s ame for the 2 p r e s s u r e s s tud ied , a s is shown in F ig . 24. It is 
poss ib le that a fur ther i n c r e a s e in the gas m a s s v e l o c i t y in the a i r - w a t e r 
sy s t em would have i n c r e a s e d the c a r r y u n d e r . 

The effect of downcomer ve loc i t y on c a r r y u n d e r for a fixed power 
and for p r e s s u r e s of 600, 1000, and 1500 ps i is shown in F ig . 25. Again 
as noted for the a i r - w a t e r da ta the p e r c e n t c a r r y u n d e r i n c r e a s e s s h a r p l y 
once the ve loc i ty t h r e sho ld has been s u r p a s s e d and con t inues to r i s e 
s teadi ly but at a l e s s e r r a t e as the ve loc i ty i n c r e a s e s . The p r e s s u r e 
effect can a l so be seen in F ig . 25. As expec ted , the p e r c e n t c a r r y u n d e r 
was g r e a t e r at the h igher p r e s s u r e . The p r e s s u r e effect is shown m o r e 
c l ea r ly in F ig . 26. H e r e , the p e r c e n t c a r r y u n d e r i s p lo t ted a s the s y s t e m 
p r e s s u r e for a cons tant downcomer ve loc i ty of 1.65 f t / s e c and an a p p r o x i ­
mate ly constant s t eam volume f rac t ion at the exi t . The a m o u n t of c a r r y -
under i n c r e a s e s rap id ly with i n c r e a s i n g p r e s s u r e . The da ta shown in the 
prev ious f igures a r e typical of the l a r g e quant i ty g a t h e r e d du r ing the s tudy. 

POWER-300 

DOWNCOMER VELOCITY 

Fig. 24. Effect of Power on 
the Weight F r a c ­
tion C a r r y u n d e r 
Rat io 

F ig . 25. Effect of S u p e r f i c i a l 
D o w n c o m e r Ve loc i ty 
on the Weight F r a c ­
t ion C a r r y u n d e r Ra t io 

Each set of the h i g h - p r e s s u r e da ta was adequa t e ly c o r r e l a t e d by 
the d i m e n s i o n l e s s groupings given in Eq. (63), as shown in F i g s 27 28 
and 29. A family of c u r v e s was obtained that s e p a r a t e s l igh t ly w i t h ' p r e s -
su re and whose s lopes , however, a r e e s s e n t i a l l y the s a m e . The p r e s s u r e 
sepa ra t ion was r e m o v e d by adding the d i m e n s i o n l e s s r a t i o (p /p, ) ^ ^ a s 
shown in Fig. 30. All the h i g h - p r e s s u r e da ta for the '^^^ P^> ' 
a r r a n g e m e n t a r e c o r r e l a t e d by the foUov le one g e o m e t r i c a l 

d i m e n s i o n l e s s g r o u p i n g s : 

(64) 
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Fig. 26 

Effect of P r e s s u r e on the Weight 
F r a c t i o n C a r r y u n d e r Ra t io 

Fig. 27 

Correlat ion of 600 -ps i 
Carryunder Data 

-1 1—1—I—r 

Fig. 28 

Correlat ion of lOOO-psi 
Carryunder Data 

* w^yf 



C o r r e l a t i o n of 1500-ps i 
C a r r y u n d e r Data 

Fig. 30 

Dimens ion less Cor r e l a t i on 
of H i g h - p r e s s u r e Data 

Vq.i gc^ /gD 
Vent ^ V V v ^ V 

The a tmosphe r i c a i r - w a t e r data , however , dev ia t ed g r e a t l y f r o m the c o r r e ­
lation, which indicated a ba s i c inadequacy . 

An a t tempt was then made to deve lop a c o r r e l a t i o n which would 
encompass both the a i r - w a t e r and s t e a m - w a t e r da ta . By m e a n s of an 
extensive s e r i e s of c r o s s p lots for the v a r i o u s p a r a m e t e r s , a n o n d i m e n ­
s ion less co r r e l a t i on was developed which a d e q u a t e l y accoun ted for the 
l a rge ma jo r i ty of the c a r r y u n d e r da ta , including a few p r e l i m i n a r y da t a 
points obtained from the EBWR ( E x p e r i m e n t a l Boil ing W a t e r R e a c t o r ) . 
This co r r e l a t i on is shown in F ig . 31 . The s c a t t e r of the da ta i s not 
except ional ly bad for such a complex phenomena . The final f o r m of th i s 
equation is 

In 

- 0 . 0 4 • 
64 

(65) 



in the functional range from i to 64 and 
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In 

-0.6 (65a) 

for the functional range from 0. 1 to 3, where 

V = actual gas ve loc i ty 

V = actual gas ve loc i ty in downcomer 

O = surface tension of liquid, lb, ft 

G = liquid m a s s ve loc i ty in r i s e r , lb / (sec) ( f t ) 

^ - liquid v i s c o s i t y , lb/ft sec 

P I = density of liquid, lb/ft 

P = densi ty of gas , lb/ft 

D = dianneter of r i s e r , ft 

H = actual interface height, ft. 

**• Hjo OieSS' 
Am Hjo oifin' 
• 0 0 * LSI. 
•000I I LSI. 
I S O O M L S L 

eivi>«oo» 
»«« soon 

Fig. 31. 

near the 
as discu 

It is interesting to 
note that there are severa l 
groupings which are the 
same or very s imi lar to 
those of the d i m e n s i o n l e s s 
correlat ion shown in Fig. 30. 
Also , it should be noted that 
a rather sharp break point 
e x i s t s , suggest ing 2 dist inct 
s e t s of carryunder conditions. 
It is postulated that the break 
point represent s the thresh­
old for carryunder, and that 
the data points to the right 
represent that fraction of the 
vapor flow which is located 

periphery of the r i s e r and whi< h is ex tremely difficult to separate , 
• sed in Section II. 

^'^m-ji) 
--Ti 

Nondimens ion le s s Correlat ion 
of all Carryunder Data 

Probably the most important question l o n i e r n i n g the corre lat ion is 
the s i z e factor. One can argue from intuition that in very large s y s t e m s 
the carryunder should be l e s s , s ince for conditions of equal flow in g e o m e t ­
r ica l ly s i m i l a r s y s t e m s the mean turning radius (and h e m e escape t ime) 



for the gas bubbles is l a r g e r . O n t h e o t h e r hand, in the l a r g e - d i a m e t e r s y s ­
t e m s the in te r face height of the o p e r a t i n g m i x t u r e is g e n e r a l l y he ld to m u c h 
s m a l l e r levels and thus the a v e r a g e c r o s s - f l o w v e l o c i t i e s a r e h i g h e r . T h e r e ­
fore one has compet ing s ize f a c t o r s . The g e o m e t r i c a l f a c t o r s in t h i s c o r r e ­
lation a r e given by the t e r m ( V ^ H / D + V D / H ) and i n d i r e c t l y t h r o u g h 
V / v f, which has an a r e a r a t i o b e t w e e n the d o w n c o m e r and r i s e r bu i l t in 
[see Eq. (61)]. The factor ( V H / D + - N / D / H ) was d e r i v e d by c o m p a r i n g the 
p r e l i m i n a r y l a r g e - s y s t e m r e a c t o r da t a with the s m a l l - s c a l e loop e q u i p m e n t . 
Addit ional data w i t h l a r g e r s y s t e m s a r e n e e d e d to c o m p l e t e l y e s t a b l i s h the 
val idi ty of the g e o m e t r y f a c t o r s in the c o r r e l a t i o n . 

Based on th is study, the following r e l a t i o n s h i p can be u s e d for 
min imiz ing c a r r y u n d e r : 

Q2/3 N ,pj_^ I /n , / D 
^ U 3 . (66) 

^enti VG^'M/V P . VV D V H 

The function r e p r e s e n t s the b r e a k point beyond which the c a r r y u n d e r is 
no rma l ly 5% or under . 

Fo r c a r r y u n d e r a n a l y s i s , Eq. 66 or F ig . 31 can be u s e d in e i t h e r of 
s e v e r a l ways . E i the r the g e o m e t r i c a l c h a r a c t e r i s t i c s of the s y s t e m a r e 
specified and the expected c a r r y u n d e r can be c o m p u t e d , or the r e q u i r e d 
g e o m e t r i c a l d imens ions of the s y s t e m can be e s t i m a t e d to m a i n t a i n a s p e c i ­
fied c a r r y u n d e r leve l . F o r a given s y s t e m , the f a c t o r s , P L , Pg, o, and )U a r e 
specified by the fluids used and by the t e m p e r a t u r e and p r e s s u r e of the s y s ­
tem. Also, the liquid m a s s ve loc i t y is g e n e r a l l y e s t a b l i s h e d by t h e r m o ­
dynamic and hydrodynamic des ign c o n s i d e r a t i o n c o n c e r n i n g the hea t s o u r c e . 

If it is d e s i r e d to e s t i m a t e the p e r c e n t c a r r y u n d e r for a g iven s y s t e m , 
a t r i a l - a n d - e r r o r a n a l y s i s is r e q u i r e d due to the i m p l i c i t i n t e r r e l a t i o n s h i p 
between the downcomer ve loc i ty , qua l i ty , and void f r a c t i o n s . I t e r a t i o n s b e ­
tween these fac to r s a r e c a r r i e d out un t i l c o n v e r g e n c e is a c h i e v e d . It i s r e a d ­
ily apparen t that the abi l i ty to p r e d i c t downflow s l ip r a t i o s b e c o m e s an 
impor tan t factor in such an a n a l y s i s , hence the c o r r e l a t i o n s in Append ix D. 
The a c c u r a c y in the e s t i m a t e s of downflow s l ip r a t i o a r e r e f l e c t e d r a t h e r 
s t rongly in the c a r r y u n d e r a n a l y s i s . If it is d e s i r e d to spec i fy the g e o m e t r i c a l 
c h a r a c t e r i s t i c s of a s y s t e m in o r d e r to m a i n t a i n a g iven c a r r y u n d e r l e v e l , 
the ana lys i s is s t r a i g h t f o r w a r d and an i t e r a t i v e p r o c e d u r e is not r e q u i r e d . 

The val id i ty of the c a r r y u n d e r c o r r e l a t i o n p r e s e n t e d canno t be c o m ­
ple te ly specif ied, p r i m a r i l y b e c a u s e of the s y s t e m s i z e f a c t o r . P r u d e n t 
usage of the c o r r e l a t i o n is t h e r e f o r e a d v i s a b l e un t i l f u r t h e r d a t a b e c o m e 
ava i lab le f rom l a r g e r s y s t e m s . It is be l i eved , h o w e v e r , tha t a t a m i n i m u m 
a ba l l p a r k a n s w e r can be obta ined f rom the c o r r e l a t i o n . The a g r e e m e n t 
of the p r e l i m i n a r y EBWR data with the c o r r e l a t i o n o f fe r s p r o m i s e tha t it 
may , m fact, be fa i r ly a c c u r a t e A c o m p l e t e t abu la t i on of the da t a g a t h e r e d 
m th is inves t iga t ion is g iven in T a b l e s II and III. 
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Table III 

HIGH-PRESSURE DATA 

Pressure, 
psi 

600 

1000 

1500 

1 1 

Wt, lb/sec 

7.39 
8.33 
8.32 
9.82 
9.6 

9.84 
7.43 
7.34 
7.46 
7.55 
7.58 
9.64 
5.71 
5.7 

6.65 
6.14 
8.72 
6.14 

4.58 
6.29 
6.3 

8.11 
6.2 

6.18 
4.95 
4.95 
8.36 
9. 15 
9.25 
4.96 
6.18 
6.38 
8.0 
9.13 
9.01 

4.44 
4.49 
5.41 
5.6 
7.12 
7.11 
8.39 
8.36 
4.64 
5.6 

5.59 
7.03 
7.04 
6.98 
8.44 
8.4 

5.49 
4.54 
4.6 

Power, Kw 

250.8 
301.3 
343. 
351.6 
351.4 
351.4 
353.2 
353.2 
401.7 
396.4 
299. 
299. 
309.8 
309.8 
311.5 
199.9 
200.2 
299.3 

150.5 
150.5 
149.9 
149.9 
225.4 
225.4 
224.6 
224.6 
224.6 
224.6 
224.6 
302.1 
300.1 
300.1 
300.1 
300. 1 
300.1 

224.9 
224.9 

224.7 
224.9 
224.9 
224.9 
224.1 
224.9 
171.8 
150.1 
150. 1 
185. 
300.4 
300.4 
300.4 
300.4 
300.4 
300.4 
300.4 

VsD. " / s e ^ 

1.48 
1.66 
1.65 
1.94 
1.89 
1.94 
1.47 
1.43 
1.44 
1.5 

1.51 
1.92 
1.13 
1.13 
1.32 
1.24 
1.76 
1.22 

0.987 
1.35 
1.35 
1.75 
1.33 
1.32 
1.05 
1.058 
1.78 
1.93 
1.99 
1.04 
1.3 

1.32 
1.68 
1.94 
1.91 

1.01 
1.0 
1.22 
1.27 
1.63 
1.62 
1.94 
1.94 
1.06 
1.3 

1.3 

1.61 
1.59 
1.57 
1.90 
1.9 
1.23 
1.01 
1.04 

^ D 

0.0076 
0.015 
0.0167 
0.0266 
0.0308 
0.026 
0.0024 
0.0171 
0.0339 
0.0071 
0.00637 
0.0204 
0.0008 
0.0009 
0.0018 
0.0008 
0.0134 
0.00014 

0.00427 
0.0114 
0.0122 
0.0172 
0.00635 
0.0074 
0.00512 
0.0031 
0.03097 
0.0239 
0.0223 
0.010 
0.0121 
0.03 
0.0386 
0.032 
0.0325 

0.01095 
0.036 
0.0362 
0.023 
0.0322 
0.0371 
0.0341 
0.0325 
0.021 
0.0191 
0.0208 
0.0268 
0.04 
0.0443 
0.0432 
0.0424 
0.0408 
0.027 
0.0143 

^ e 

0.0286 
0.0363 
0.0396 
0.0429 
0.0494 
0.0446 
0.0414 
0.054 
0.0648 
0.0385 
0.034 
0.0377 
0.0423 
0.0423 
0.0378 
0.0234 
0.0209 
0.0377 

0.0265 
0.0281 
0.028 
0.0217 
0.0316 
0.0333 
0.0371 
0.0386 
0.0394 
0.0285 
0.028 
0.0542 
0.0487 
0.068 
0.0522 
0.0406 
0.0454 

0.0513 
0.0724 
0.0627 
0.0528 
0.044 
0.0498 
0.0392 
0.0376 
0.0457 
0.0326 
0.0324 
0.043 
0.0564 
0.0629 
0.0534 
0.0554 
0.0675 
0.0679 
0.0597 

a ^ 

0.497 
0.62 
0.678 
0.703 
0.764 
0.697 
0.648 
0.613 
0.768 
0.536 
0.536 
0.65 
0.079 
0.089 
0.165 
0.102 
0.589 
0.109 

0.0934 
0.378 
0.377 
0.37 
0.362 
0.342 
0.132 
0.254 
0.63 
0.414 
0.447 
0.598 
0.431 
0.669 
0.622 
0.528 
0.552 

0.270 
0.49 
0.506 
0.356 
0.481 
0.399 
0.33 
0.344 
0.329 
0.284 
0.378 
0.368 
0.436 
0.485 
0.468 
0.444 
0.513 
0.449 
0.345 

" e 

0.361 
0.412 
0.429 
0.451 
0.484 
0.473 
0.441 
0.499 
0.541 
0.43 
0.401 
0.434 
0.433 
0.435 
0.414 
0.384 
0.358 

0.220 
0.228 
0.225 
0.184 
0.286 
0.288 
0.336 
0.297 
0.356 
0.248 
0.249 
0.380 
0.355 
0.464 
0.424 
0.334 
0.356 

0.283 
0.336 
0.327 
0.285 
0.344 
0.259 
0.217 
0.21 
0.253 
0.214 
0.208 
0.274 
0.336 
0.36 
0.348 
0.337 
0.396 
0.403 
0.374 



61 

ACKNOWLEDGEMENTS 

This report is the result of an intensive .i-year study. During its 
course, a number of people became involved with the research program. 
Their suggestions, discussions, and contributions aided greatly in bring­
ing the r e sea rch to a successful conclusion. 

Par t icular recognition need be given to the following people: 

Mr. Peter Zaleski carr ied the brunt of the tedious work load which 
is inherent in a study of this type. He was responsible for the major por­
tion of the data reduction, tabulation, plotting, and correlation. Mr. Zaleski 
also developed a large portion of the bubble-size distribution correlation 
virtually on his own and aided in the final compilation of the report. 

Professor Nejat Abyers performed a preliminary analysis of the 
carryunder problem, which he compared with the early a i r -water studies. 
His analysis served as the basis on which the final carryunder model pre­
sented was built. He also made a study of the behavior of single bubbles 
rising in a fluid. Appendix A essentially comprises a report he wrote on 
the problem. 

E. A. Spleha designed and built the a i r -water apparatus with which 
the initial studies were carr ied out. He supervised a portion of the data 
taking with the loop and reduced a portion of the a i r -water data. 

Professor Bates Chao devised the analytical procedures used in 
correlation of the bubble sizes and distributions which are given in 
Appendix B 

Mr. George Lambert helped reduce the phase-distribution data to a 
form which was used in developing the phase-distribution correlat ions It 
was necessary for him to handle, sort, and compare extremely large quan­
tities of data in order to perform this task. 

Fred Nentwich became associated with the study in its final phase, 
but he made very significant contributions to the final resul ts . He made 
the final comparison between the theoretical analysis and the a i r -water 
data. This involved numerous, complex, and tedious computations. He also 
ass is ted in the final editing of the report . 

Thanks are also due to M. Gats, J. Chase, D. Giarrante, W. Jeans , 
A. Stodsdill, and W. Brewer, who operated the loops and took the data. 



62 



63 

Appendix A 

TRANSPORT OF GAS BUBBLES THROUGH A STAGNANT FLUID 

Consider the case of a free-falling body. The forces acting on this 
body are: (1) an acceleration force due to gravity, whose magnitude is r ep ­
resented by F Q , {Z) a buoyancy force of magnitude Fjj, resulting from the 
displacement of the fluid through which the solid is falling, and (3) a r e ta rd ­
ing force of magnitude, Fj^, which is caused by the frictional resistance due 
to the relative motion of the solid and the fluid. 

If It IS assumed that: (I ) the particle is a spherical solid, (Z) the 
fluid is incompressible and of sufficient extent to eliminate wall effects, 
and (3) there are no other part icles affecting the motion of the particle 
under consideration, the resultant force tending to nnove the particle of 
mass M downward is 

M ^ r ( M - M L ) g - F R , (A-1) 

where (M - M L ) IS the apparent mass of the part icle. 

For the case of the rising bubble, the above assumptions lead to 

M g ^ ' (ML-Mg) g - F R . (A-2) 

If it can be assumed also that the motion of the bubble will be turbulent in 
nature, then the expression for the magnitude of the resisting force F R is 
given by Newton's Law'" ' 

F R = fD A '̂ L VV2 . (A-3) 

where A is the projected area . 

If this value of F R is substituted in Eq. (A-2) for a spherical shape, 
there is obtained 

\ 6 / ' 8 dt \ 6 ' » ' 8 (A-4) 

and 

a v , ( ^ L - P g ) ^ . H , . ^ v - ^^_^^ 

dt pg 4 Do fg 
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The f r ic t iona l r e s i s t a n c e i n c r e a s e s with i n c r e a s i n g v e l o c i t y un t i l the 
acce le ra t ing and r e s i s t i n g f o r c e s a r e e q u a l . Then the bubble c o n t i n u e s to 
move at a constant m a x i m u m s p e e d VQ g e n e r a l l y r e f e r r e d to a s the t e r m i n a l 
veloci ty. At the t e r m i n a l ve loc i t y VQ, d v / d t = 0; h e n c e 

PT - Pa\ _ 2^D Pl. ^» 
4 Do Pg 

a n d 

Vo = V ' 4 ( P L - P g ) g D o / 3 P L f D - (A-6) 

For v e r y s m a l l bubbles it i s p r o b a b l e tha t the m o t i o n of the b u b b l e s 
would be in the l a m i n a r r eg ion . F o r th is c a s e , S t o k e s ' ' showed tha t the 
r e s i s t a n c e to the mot ion of a s p h e r i c a l p a r t i c l e i s 

F R = 37TD;UV . (A-7) 

If Eq . (A.7) is u sed i n s t e a d of Eq . (A-3) in the above a n a l y s i s , the 
following equation is obta ined for the t e r m i n a l v e l o c i t y in v i s c o u s or l a m i n a r 
flow: 

Vo = ( P L - P g ) g D o y i 8 M . (A-8) 

Cons ider the ca se of t u rbu l en t mot ion and Eq . ( A - 5 ) . L e t 

a = g ( P L - P g ) / P g ; h' = 4 D o g ( P L - Pg)/3fDPL -

The differential equat ion for the bubble mo t ion is then 

dv / V^\ 

Integrat ion of Eq. ( A - 9 ) g ives the t i m e e l a p s e d unt i l the bubble r e a c h e s the 
final speed Vo: 

t _ b b + Vo 
t - — I n - ^ . (^_jQ) 

dV ^ _dX _dV _ dV 
dt dt dL " ^"dL" • ( A - 1 1 ) 
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Eq. (A-9) b e c o m e s 

v i l . . , ( , - ^ ) 

Integration of Eq. (A-12) g ives the length of the path traveled by the bubble 
re lat ive to the surrounding liquid: 

L = 4 - 1 " - ^ • (A-13) 
2a b--V^ 

If V L denotes the speed of the liquid, then the absolute path length 
traveled by a bubble until it r eaches the speed Vo is 

L. = . ^ , „ f _ ^ ) 4 V L t . ( A - 1 4 ) 

Rearrangement of Eq. (A-1 3) g ives the speed as function of the length of the 
path t rave led: 

V = b y/\ - exp (-2a L/'b^) (A-15) 

Eq. (A-15) s ta tes a l so that the bubble speed tends towards a final constant 
value within a re la t ive ly smal l value of L if a is large and b is in the usual 
region. Thus 

Vo = b = ^ / •»( '^L-Pg)gDo/3PLfD • (A-16) 

It is known that the final speed of the bubble in a given s y s t e m depends not 
only on the bubble d i a m e t e r , but a l so upon the shape and on the type of 
motion of the bubble. 

Relation between Bubble Size and the Terminal Velocity of Bubble 

Since the motion of gas bubbles i s an important factor in inany m a s s 
and heat transfer opera t ions , the problem has been studied intens ive ly by 
numerous i n v e s t i g a t o r s . 

F r o m the m e a s u r e m e n t of terminal v e l o c i t i e s of smal l bubbles , 
Al len' ' has concluded that the terminal ve loc i ty acquired by a snial l bubble 
ascending through a v i s c o u s fluid is the same as that which would be acquired 
by a so l id sphere , and that when the motion is very s low the m e a s u r e d v e l o c ­
ity of the bubble a g r e e s with the value given by Stokes 'equat ion: ' ' 

\ /'L / Vrno + 2, i iJ , g i a , I i , - t , .. , , , . 1 ( A - 1 7 ) 
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If it be a s s u m e d that the coeff ic ient of s l id ing f r i c t i on , /3, i s i n f in i t e , 
Eq. (A-17) r e d u c e s to Eq . (A-8) , which shows tha t the t e r m i n a l v e l o c i t y 
v a r i e s as the squa re of the d i a m e t e r of the s p h e r e in the l a m i n a r r e g i o n . 

For Re > 2, the d e p a r t u r e f r o m S t o k e s ' l aw was found to be s i g n i f i ­
cant , and for 2 < Re < 200, A U e n ' ^ ' deduced the f o r m u l a 

which s t a tes that the t e r m i n a l ve loc i t y v a r i e s d i r e c t l y a s the d i a m e t e r of the 
bubble in a t r ans i t i on reg ion be tween the l a m i n a r and t u r b u l e n t r e g i o n s . F o r 
Re > 500, for which Al l en ' s equat ion does not app ly , the g e n e r a l p r a c t i c e h a s 
been to use d rag coefficients b a s e d on e x p e r i m e n t a l d a t a . The d r a g coe f f i ­
cient i s usual ly defined by Newton ' s Law, Eq . (A-3) , and i s c o r r e l a t e d a s a 
function of the Reynolds n u m b e r R e : 

Re = D O V O P I / M L • (A-19) 

Setting the fr ict ion factor fjj equal to 0.858 in Eq . (A-6) g ive s 

P L - P E VO = OAQSy/-^ Do (Do in m m and Vo in ft p e r s e c ) , (A-20) 

which a g r e e s with R i t t i n g e r ' s f o r m u l a for t u r b u l e n t m o t i o n of b u b b l e s a s 
r e p o r t e d by M a r t i n . ' ' ' 

Pav lushenko ' ' m a d e an a t t e m p t to g e n e r a l i z e the above r e l a t i o n ­
ships for the f ree mot ion of an individual p a r t i c l e in a s t a t i o n a r y u n l i m i t e d 
m e d i u m . Depending upon the fluid r e g i m e , a s c h a r a c t e r i z e d by e i t h e r 
A r c h i m e d e s ' c r i t e r i o n or by Reynolds n u m b e r , he p r o p o s e d tha t 

(1) in the l a m i n a r r e g i m e Stokes ' f o r m u l a (A-8) be u s e d ; 

(2) in the t r ans i t i on r eg ions A l l e n ' s s imp l i f i ed f o r m u l a be 
employed, and 

(3) in the tu rbu len t r e g i m e the following f o r m of R i t t i n g e r ' s 
formula be used : 

Vo = 0.57 ( P L - P g ) D o / P L . 

l imi t s r e n n ' t ^ ? 1 ' ^T^"^ '"" m i l l i m e t e r s and V„ is in feet p e r s e c o n d . The 
l imi t s r e p o r t e d by Pav lushenko in A r c h i m e d e s n u m b e r s c o r r e s p o n d to a 
Reynolds n u m b e r of Re, = 1 6 fnr tl,^ K„ J , coponu lo a 
t ransiHor, . • ^ „ bounda ry b e t w e e n the l a m i n a r and 
t r ans i t i on region and of Re = 4?n fr̂ ,- tv,„ u j 
and turhnlpnt ^ bounda ry b e t w e e n the t r a n s i t i o n 
aiiu curDuient r e g i o n s . 
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Miyagi' studied the rate of r ise of single air bubbles in water over 
a size range of 0.5 ^̂  Do v 8mm. His data on the terminal velocity as a func­
tion of bubble size indicated a maximum speed of about 0.91 ft/sec at a limit 
of 0.75 ft, sec (see Fig. A-1 ) For bubbles of larger size the terminal veloc­
ity seemed to be independent of size. Bryn ' ' ' ' and Luchsinger ' ^ ' report 
data which are in fair agreement with Miyagi 's ' ' results for bubble diameters 
e.xceeding 2 mm. > 

However, there is some evidence that the wall effect or the ratio 
Da,'D|. where D is pipe diameter , has a marked effect on the terminal veloc­
ity. Several exper imenters have established the existence of a region of 
bubble behavior in which the bubble velocity is independent of size. This 
may be due to an appreciable wall effect in most of the experiments involving 
large gas bubbles nioving in 1 - or 2-in. ID tubes. 

O'Brien and Gosline carr ied out experiments in tubes of diameters 
from 1.18 to b in. and showed that the wall effect in the case of narrow tubes 
tended to exert a retarding effect on the r ise of bubbles. Thus, in a tube of 
diameter of 6 in., they did not obtain a maximum terminal velocity (see 
Fig. A-1). It IS interesting to note that in no case do the authors obtain a 
clearly defined velocity maximum, and no explanation can be found for the 
inconsistency in these observations. 

Rosenberg" •*' performed extensive experiments on the velocity and 
shape of air bubbles in water. His results when plotted as the drag coeffi­
cient versus the Reynolds number deviated from the data for solid spheres 
and were s imilar to the resul ts obtained by O'Brien and Gosl ine ' '3) and by 
Van Krevelin and Hof t i j z e r . ' ^ ' The drag coefficient of gas bubbles seems 
to be higher than that of solid spheres above some cri t ical value. Measure­
ments on the bubble shapes indicated that 4 general categories exist which 
are a function of the Reynolds number: 

(1) spherical bubbles. Re ^ 400; 

(2) oblate spheroids of varying geometric proportions, 
400 < Re < 1 100; 

(3) oblate spheroids of constant geometric proportions, 
1100 Re 5000; 

(4) mushroom shape with spherical caps. Re 'iOOO. 

For very large bubbles, in the range 5000 Re 40,000. the data of 
Rosenberg' ' agreed with the resul ts of Davies and I'.iylor . ' ' ' ' ' I'hcir dat 
can be represented by the following equation: 

Vo = 5.45 .JDI . (A-22) 
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where 

D« • diameter of curvature of the spherical cap on a mushroomlike 
gaa bubble, mm 

V'o = velocity, f t /sec. 

The equivalent spherical diameter based on the gas bubble volume is given 
by 

Do = 2.3 Dj (A-23) 

Hence, 

Vo = 0.237 y o ^ (A-24) 

It can be seen that for small bubbles, in the region Re 400, the d iscrep­
ancies are not large. But for medium-sized bubbles, in the range 400 . Re 
< 5000. the wide discrepancy in the measured velocity of the gas bubbles 
remains to be explained. It appears that there may have been an e r r o r in 
the measurement of velocities arising from the fact that medium-sized 
bubbles with 1 .5 v Do • 8mm do not r ise vertically in the liquid column, but 
take a zig-zag or spiral path. The instantaneous velocities a re , therefore, 
usually greater than the average velocity which is recorded. 

As the above far-from-complete list shows, a considerable amount 
of data exists on the motion of bubbles. However, it is by no means complete 
or even concordant. Because of the inconsistency of the data and the resu l t ­
ing inability to establish the bubble diameter-velocity relationship, it was 
assumed that the gas bubbles behave as solid spheres in the region of in ter ­
est (400 • Re 2500). Also, since the radius at which a gas bubble in water 
ceases to behave as a solid particle is not known accurately and may well 
vary from system to system, it was further assumed that the sol id-sphere 
drag-coefficient data can be extended to the medium-sized bubble region 
without introducing great e r r o r s . Since the turbulent region is of pr imary 
interest , Ritt inger 's formula (Eq. (A-20)) was used to predict the terminal 
velocity of the gas bubbles. However, the same form of the equation does 
not apply over entire turbulent regions, since Rittinger 's formula was de­
rived by using a constant value of 0.858 (or the drag coefficient f(). 

This can be seen by studying a plot of the drag coefficient as a 
function of the Reynolds number in Fig. A-2. The friction factor or the 
drag coefficient, IQ, in laminar flow is represented by a straight line with 
logarithmic coordinates. This condition exists up to a Reynolds number 
of about 3, at which value the drag coefficient begins to decrease as the 
value of Re becomes grea ter . However, the rate of decrease with i nc reas ­
ing Reynolds number becomes less and less until a minimum of 0.35 is 



. c h e d at a Reynolds n u m b e r of about 4000 . In the i n t e r v a l 500 < Re < 2500, 
T e of the f r ic t ion factor b e c o m e s n e a r l y c o n s t a n t and i n d e p e n d e n t of 
the va ue of ^^^^/^f;"^ ^^^^^ , the h o r i z o n t a l p a r t of the l i n e . The r e a s o n Reynolds number as ind ica ted y ^ ^ ^ ^ ^^^^^^^ .^ ^ ^ ^ ^ ^ 

h " r s \ ^ ^ d r : : t h ? f ^ ; t t h a " e t ? a u ; the cond i t ions a r e such tha t the bub 

hie d ian^I te r s a r e in the l i m i t s of 1 to 4 m m and, as can be s e e n m F i g . A - 2 , 

fd = 0.858 is an a v e r a g e value in th i s r e g i o n . 

" T " rrrrr 
1 STOKES' LAW 
2 SOLID SPHERES 

3 WATER, ROSENBERG 

U WATER, BRYN 

-1—r TTTTI 1 1 M I l i d 

WATER, IS W/O ALCOHOL 
BRYN 
WATER - l . i e i n . TUBE 
O'BRIEN AND GOSLINE 
WATER . B i n . TUBE, 

REYNOLDS NUMBER. 

Fig . A - 2 . Drag Coefficient as a Funct ion of the 
Reynolds Number 

Data r e p o r t e d by s e v e r a l i n v e s t i g a t o r s have tended to s u p p o r t the use 
of R i t t i nge r ' s formula in the vicini ty of Do = 4 m m . Miyagi '^ ' r e p o r t e d a 
t e r m i n a l veloci ty of 0.87 f t / s ec for Do = 4.1 m m . J a k o b ' ' ^ ' r e p o r t e d 
0.85 f t / s ec as the ave rage ve loc i ty of 6 bubbles having d i a m e t e r s b e t w e e n 
1 and 8 m m . Peeb le s and G a r b e r ' ' ° ' have a l so r e p o r t e d a v e l o c i t y of 
0.85 f t / s ec for Do = 3.75 m m . Even though a convincing a c c u m u l a t i o n of 
data ex i s t s about the point DQ = 4 m m , it does not a p p e a r f ea s ib l e to con t inue 
using this equation much beyond th is point, s ince for DQ = 4 m m . Re = 1000 
and fd = 0.43, ins tead of the p roposed value of 0 .858. 

In view of the wide v a r i a n c e in the da ta , a new bubble d i a m e t e r v e r s u s 
t e r m i n a l veloci ty r e l a t ionsh ip is p r o p o s e d . The r e l a t i o n s h i p evo lved a f t e r a 
sc ru t iny of the data ava i lab le as well a s v i sua l o b s e r v a t i o n of the s y s t e m , 
which showed the ex i s t ence of r e l a t i v e l y l a r g e s e m i s p h e r i c a l b u b b l e s . A 
c o m p a r i s o n between the different fo rmulae and the p r o p o s e d r e l a t i o n s h i p is 
given in F ig . A - 1 . Hopefully, e x c e s s i v e e r r o r is e l i m i n a t e d by th i s r e l a t i o n ­
ship in the range 1 m m ^ DQ < 10 m m , the r eg ion of i n t e r e s t in t h i s 
inves t iga t ion . 
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Appendix B 

B U B B L E SIZE AND DISTRIBUTION 

At the outset of the carryunder invest igat ion it became apparent 
that the nature of the e x i s t e n c e of the gaseous phase in the liquid phase 
would have to be e s tab l i shed . The resu l t s of a l imited study of this 
problem are given in Appendices B and C. Data on the bubble s i z e and 
distr ibution are presented in this Appendix and the data on the phase d i s ­
tributions are presented in Appendix C. 

The invest igat ion of bubble s i ze and distribution was carr ied out in 
an a tmospher ic a i r - w a t e r loop, a schemat ic of which is shown in Fig. 6. 
A detai led descr ip t ion of the loop is given in Section IV. The downcomer 
and a portion of the upcomer were made of Lucite so that photographs of 
the bubbles could be obtained. 

The photographs of the 2-phase mixture were taken with a Polaroid 
Camera with a Specif icat ion Equipment Comet Repeating Flash light source 
with a f lash duration of - 1 / 1 5 0 0 s e c . The flash was used as the mot ion-
stopping dev ice rather than the shutter, whose speed was ~ l / 2 0 0 s e c . The 
lighting techniques employed varied with the flow rate and void volume 
fract ion. As an example , for a 2 -phase mixture with a high void content, 
the lighting was done from the front, whereas for low void content s ide 
lighting was employed . The depth of focus of the c a m e r a was ~1 in.; the 
radius in the r i s e r was ~2 .5 in.; and the th ickness of the downcomer was 
2 in. Although the photos were e s s e n t i a l l y per ipheral in nature, it i s be ­
l ieved that they are representat ive of the true bubble s i z e in the mixture , 
s ince large t r a n s v e r s e m a c r o s c o p i c m o v e m e n t s of the bubbles were 
observed . 

The bubble s i z e s were developed by measur ing and counting those 
bubbles in focus on the photograph. At least 2 photos per run were obtained 
and analyzed . As a check on the data-reduct ion technique, sample photo­
graphs were per iod ica l ly analyzed by 4 individuals . The agreement on the 
average bubble s i z e and on the distribution c u r v e s obtained was good. The 
m a x i m u m dispar i ty between the average bubble s i z e was ~25% with the 
majority of the c o m p a r i s o n s being within 10%. The most s ignif icant e r r o r s 
were in the smal l -bubb le range of 1 m m and l e s s . 

A s e r i e s of runs were taken for varying flow rates and inixture 
qual i t i e s to study the effect on the bubble s i z e and dis tr ibut ion. The p a r a m ­
eter range studied was: void fraction from 0.1 to 0.4; liquid ve loc i ty upflow 
from 2 to 5 f t / s e c ; and liquid ve loc i ty downflow from 1 to 2.5 f t / s e c . Photo­
graphs were taken for each condit ion, and the distribution of bubble s i z e s .ind 
mean bubble s i z e were der ived from the photo. The sh.ipe of thi- bul>blcs 
ranged from sphero ids to s p h m c i l ( . ips . Thr m.ixununi diinriision u.is t.ikcn 
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as the bubble d i a m e t e r . A m i n i m u m of 400 bubb le s p e r photo w e r e counted 
to d e t e r m i n e the d i s t r i bu t ion of bubble s i z e . 

The photos showed that the g a s e o u s p h a s e was d i s p e r s e d t h roughou t 
the liquid phase in the form of d i s c r e t e b u b b l e s , even in the h i g h e r void 
range s tudied. To the human eye in m a n y i n s t a n c e s the m i x t u r e a p p e a r e d 
to be in s eg rega ted flow. 

A s e r i e s of pho tographs a r e given in F i g s . B - 1 to B - 4 . T h e s e a r e 
typical and show the n a t u r e of the p h a s e d i s p e r s i o n as a funct ion of the void 
volume fract ion and t r u e liquid \-elocity. 

The ave rage bubble s ize was d e t e r m i n e d by the following r e l a t i o n s h i p . 

Z - i Dfii 

Z"i 
(B-1) 

where 

Dg^ - diaiTieter of a gas bubble 

n^ - number of gas bubbles of d i a m e t e r D-gj. 

V^ = 1.01 f t / s e c Q p = .085 v.̂  = , . 0 7 f t / s e c a ^ = -IH 

Fig . B - 1 . Typica l Bubble P h o t o g r a p h 

file:///-elocity
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F i g . B - 2 . T y p i c a l B u b b l e P h o t o g r a p h 

F i g . B - 3 . I 'yp ica l B u b b l e IMinlnj; r.iph 
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V.̂  = 2.IU f t / sec a . 
T R 

= .30 V = 3.31 f t / s e c ex . 
T " 

Fig . B-4 . Typica l Bubble P h o t o g r a p h 

The ave rage bubble d i a m e t e r is a funct ion of the m i x t u r e qua l i ty 
(see F i g s . B-5 and B-6 ) . As can be s een , a s e r i e s of c u r v e s was ob ta ined 
for different ve loc i t i e s . The a v e r a g e bubble s i ze was then p lo t ted v e r s u s 
the t rue liquid veloci ty , which is defined as 

y-r = V g / d - a ) (B-2) 

When plotted in this m a n n e r , the c o r r e l a t i o n was r a t h e r good, and a s i ng l e -
valued re la t ionsh ip was obtained (see F ig . B - 7 ) . The fit of the da ta i s r e p ­
re sen ted by the following equat ion: 

S.z/v-j ."-^" for 0.5 < V-j, < 5 (B-3) 

which r e p r e s e n t e d the range of the da ta . As can be s e e n , the da t a f r o m 
the r i s e r and downcomer both fall along the s a m e c u r v e . 

In a 2 -phase m i x t u r e in which the d i s p e r s i o n of the g a s e o u s p h a s e 
in the liquid phase o c c u r s through t u r b u l e n c e , the b r e a k u p and c o a l e s c e n c e 
of the d i s p e r s e d phase o c c u r s cont inuous ly . The b r e a k u p m a y be c a u s e d by 
e i ther v i scose shea r fo rces or by tu rbu len t p r e s s u r e f l u c t u a t i o n s . If it 
is a s s u m e d that the p r o c e s s is r andom in n a t u r e , the bubble - s i z e d i s t r i b u t i o n 
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may be described by Poisson 's distribution, which states that the probability 
of finding n points lying within any subinterval C, is 

= i l l ^ \ - k C 

where k ' is the expected number of points within the subinterval. 

(B-4) 
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To d e s c r i b e the b u b b l e - s i z e d i s t r i b u t i o n , it i s conven ien t to def ine 
a n o r m a l i z e d d i s t r i bu t i on function Njj(x) such that N^{x) dX g ives the f r a c t i o n 
of bubbles of the a i r - w a t e r m i x t u r e lying b e t w e e n X and X + dX-

One of the many pho tog raphs t a k e n of 2 - p h a s e m i x t u r e is shown on 
Fig . B - 8 . A plot of the d i s t r i b u t i o n of bubble s i z e s as d e t e r m i n e d f r o m 
this photograph is given in F ig . B - 9 . The r a d i u s i n t e r v a l of A x = 0.069 in . 
was se lec ted and the n o r m a l i z e d d i s t r i b u t i o n plot was c o n s t r u c t e d a s shown 
in F ig . B-10 . P o i s s o n ' s law m a y now be w r i t t e n as 

N„(x) = P(bx)'= e-bX (B-5) 

where P , b , and c a r e the 3 c h a r a c t e r i s t i c c o n s t a n t s to be d e t e r m i n e d f rom 
the m e a s u r e d data . In o r d e r to d e t e r m i n e the 3 c o n s t a n t s , it i s n e c e s s a r y 
to specify 3 condi t ions . The following condi t ions w e r e i m p o s e d : 

(a) F r o m the definit ion of N (x) it fol lows tha t 

/

oo 

Nn(X) dX = 1 . ( B - 6 ) 

o 

It should be noted that the upper l imi t of the i n t e g r a l should be X - the 
l a rge s t bubble r ad ius found. The upper l imi t of infinity was u s e d to s impl i fy 
the computa t ions g rea t l y . The use of th is l imi t does not i n t r o d u c e any a p ­
p rec i ab l e e r r o r s ince no e x c e s s i v e l y l a r g e bubb les ex i s t and the d i s t r i b u t i o n 
function m u s t n e c e s s a r i l y app roach z e r o v e r y r a p i d l y for X >Xma 

^m^iEa^fLe^ x -.. -fx^j^iir^.". ^i^mB^.m^'^ 

N :̂ :̂ ' 

^̂ f: W- A'#' 

Fig . B - 8 . E n l a r g e d Bubble P h o t o g r a p h 
(Magnif icat ion - 2.175) 
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Substitution of Eq. (B-5) into Eq. (B-b) y ie lds 

f P(b . )= e-^X dx - 1 (B-7) 



Letting X = bR, Eq. (B-7) becomes 

/ ^ CO 

(p/b) / X % - ^ d X = 1 . (B-8) 

for which the solution is 

i r ( c + l ) = 1 . (B-9) 
b 

(b) Poisson's distribution exhibits a maximum which may be located 
by differentiating Eq. (B-5) and setting the result equal to zero; 

d P (bX)'= e-bX / d R = 0 (B-10) 

-bP (bX)'' e-'^X +pe-bXc(bx)'=-'b = 0 , (B-11) 

which yields 

Xmax = '^/b • (B-12) 

Here X-^^ax ̂ ^ "^^ bubble radius for which the frequency of occurrence is a 
maximum. The maximum value of Njj(x) is then derived by substituting 
Eq. (B-12) into Eq. (B-5). This gives the third relation: 

PcCe-c . Nn(X^^J . (B-13) 

The factor N„(X^3 ĵ̂ .) and Xmax ^^^ obtained from the plot of the 
data as shown in Figs. B-9 and B-10. Combination of Eqs. (B-9), (B-12), 
and (B-13) yields 

r(c + l) " '^n(Xmax) '^max > (B-14) 

from which c can be evaluated. The following relationships a re used for 
evaluating P and b: 

P = b / r ( c + l ) (B_j5) 

^ = VXmax • 

Since Eq. (B-14) is a ti Since Eq. (B-14) is a transcendental equation in c, the graph sho 
Fig. B-11 has been prepared to facilitate computations. wn in 
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Each of the distr ibutions obtained from this s e r i e s of test runs 
(described previous ly) was fitted to a P o i s s o n ' s distribution, and the 
constants P, b. and c were evaluated. The constants were then corre lated 
as a function of s y s t e m p a r a m e t e r s such as m a s s velocity and void 
fract ion. Through a s e r i e s of plots and c r o s s plots the constants were d e ­
termined to be 

c = 17.7 X I O ' V ^ ' / G * 

b = 15.34/ (1 - a ) ' 

P = b/r(c *\) 

(B-17) 

(B-18) 

(B-19) 

The general equation for predicting the bubble s i ze distribution 
is there fore obtained by insert ing the above values into Eq. ( B - 5 ) . 

A connparison between Eq. (B-5) and the actual distribution ob­
tained from the photographic s tudies is shown in F igs . B-12 through B - 1 6 . 
The fit of the data is in general fairly good. As can be seen in the f igures 
and as indicated by Eq. (B-5 ) , the most probable bubble s i ze d e c r e a s e s 
as the m a s s ve loc i ty and void volume fraction i n c r e a s e s . In fact, the inost 
probable d iameter is a s trong function of the void volume fraction. 
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Up to a void volume f rac t ion of 0.40 no def ini te t r e n d t o w a r d the 
format ion of s lugs or in the change of flow p a t t e r n was noted . H o w e v e r , 
some c lus t e r ing of ga seous bubbles can be o b s e r v e d in the p h o t o g r a p h s . 
A c o m p a r i s o n of the flow condi t ions with c o r r e l a t i o n s in the l i t e r a t u r e for 
p red ic t ing the va r ious flow r e g i m e s showed that the m a j o r i t y of r u n s w e r e 
in the fringe a r e a be tween bubble and s lug flow. It was i m p o s s i b l e to ex ­
tend the voids fur ther in the t e s t p r o g r a m due to the l ack of suff ic ient a i r 
flow capac i ty . 

A tabula t ion of data is p r e s e n t e d in T a b l e s B-1 and B - I I . 

Run 
Number 

I R 
2R 
3R 
4 R 
5R 
6R 

^ 

1.5 
1.5 
1.5 
1.5 
2.15 
2.15 

AVER; 

a 

0.0637 
0.170 
0.303 
0,346 
0,077 
0.188 

CE BUBBLE SIZ 

X X l o ' 

0.2 
0,61 
1.53 
2,01 
0,2 
0,62 

IN THE RISER AND FLOW CONDITIONS THEREIN 

X. 
mm 

DM 
3.63 
2.05 
2,6 
3,3 
2,7 

Run 

Number 

7R 
8R 
1 R 

10 R 
11 R 
12 R 

^ 
2,15 
2,15 
2,75 
2,75 
2,75 
2.75 

a 

0,316 
0,351 
0,0763 
0.176 
0.307 
0.335 

X X l o ' 

1.52 
1 , % 
0,2 
0,61 
1,5 
2,0 

X. 
mm 

2.1 
2.66 
3.17 
2.77 
2.33 
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Appendix C 

PHASE DISTRIBUTIONS 

The distribution of the phases within the channel was believed to be 
an important aspect of the carryunder problem since, as mentioned p r e -

ously, initial preliminary analysis indicated that the major fraction of 
arryunder would emanate from the peripheral region of the r i s e r . This 

point is illustrated in a t race photograph taken of the separation process 
in a typical plenum (see Fig. 5). As can be seen, the t ra jectory of the 
air bubbles carr ied under s tar ts from the per ipheral region of the r i s e r . 
As the distance to the center of the r i se r decreases , the bubble t rajectory 
intercepts the outer vessel wall, and the probability of bubble escape in­
creases Progressing further toward the center of the r i s e r , the bubble 
trajectory intercepts the water surface and the bubble escapes . Thus, it 
became necessary to establish the distribution of the gas phase if analyt­
ical studies of the carryunder problem were to be rea l i s t ic . If the void 
distribution across the r i ser were highly skewed, the weight fraction of 
the gas phase present in the peripheral region would be much less than if 
the void distribution were essentially flat. One would therefore expect 
the carryunder to be less in this instance. 

A search of available l i terature was made, and very little quantita­
tive information could be obtained on the effects of gas and liquid mass 
velocities, void volume fraction, etc. , on the phase distributions. As a 
result, phase distributions that had been derived during a previous inves­
tigation^ ' but had not been thoroughly studied, were re-examined. The 
first set of phase-distribution data was taken with a se r ies of rectangular 
channels of varying spacings, namely-j-,—, ~:~, and 1 in. The depth of 
the channels was Z in. and their length 4 ft. The distributions were m e a s ­
ured by traversing the channel with a coUimated gamma beam to obtain 
a series of average spatial densities. From this variation of spatial den­
sity, the distribution of void volume fraction was then computed. An 
inherent assumption in the analysis was that the void distribution ac ros s 
the depth of the channel was essentially flat. No measurements were 
made to verify this assumption, since at the time the phase distributions 
were measured the true void distribution was of secondary importance. 
However, it is believed that the assumption is a fairly valid one because 
of the dimension of the channel depth. 

The data were correlated by assuming a power-law distribution 
between local void fraction and position in the channel: 

c^£= CLmaxi—^j ioTO<£<s/z , ( C - l ) 



where 
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a^ = loc«l void volume fraction at a distance I 

I - the distance from the channel wall 

• = the channel spacing 

- l l = maximum void fraction at s/Z 

A mean symmetrical void distribution was obtained for each run 
by plotting the distributions over the intervals 0 •, • 8/2 and a/Z < i< s 
and drawing a curve which represented the best fit of the data. When 
substantial deviations existed between the 2 profiles, the run was d is ­
carded. Typical runs, in which the procedure was followed, are shown in 
Fig. C- l . The mean curves were then plotted on logarithmic paper and 
the slope m of Eq. (C-l) was evaluated. When the distribution was highly 
skewed, it was impossible to obtain a true slope, since the data did not plot 
as a linear function. However, mean slopes were faired in even though in 
some instances they did deviate substantially from the actual phase dis­
tribution over certain intervals of i / ( s / 2 ) . 
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Fig. C- l . Typical Phase Diutribulion in a 
Rectangular System 
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The s lopes do, howeve r , r e p r e s e n t a d e q u a t e l y the t r e n d s of the change in 
the phase d i s t r i b u t i o n a s a funct ion of the s y s t e m p a r a m e t e r s , and t h i s w a s 
p r i m a r i l y the i n fo rma t ion tha t w a s d e s i r e d . A t a b u l a t i o n of the l o c a l void 
f rac t ions and the v a l u e s of the s lope m for the s e r i e s of r u n s s t u d i e d is 
given in Tab le s C-I t h rough C-III . The effect of the v a r i o u s f luid p a r a m ­
e t e r s can r ead i ly be s e e n . It should be no ted tha t a s m a l l n u m e r i c a l va lue 
of the exponent s igni f ies a flat d i s t r i b u t i o n and a l a r g e va lue a h ighly 
skewed d i s t r i b u t i o n . 

Tab le C-I 

PHASE DISTRIBUTIONS AND F L O W CONDITIONS 
F O R A R E C T A N G U L A R SECTION 

a i 

0.0863 
0,116 
0.131 
0,141 

0.132 
0.168 
0.188 
0.202 

0.0775 
0.105 
0,121 
0,131 

0.213 
0.255 
0.273 
0.283 

0.137 
0.187 
0.205 
0.212 

0.163 
0.20 
0.212 
0.218 

0,235 
0.283 
0.317 
0.334 

V(s/2) 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0,4 
0.6 
0.8 

Vs 

1.15 

X 

0.00037 

0,00055 

0.00082 

"^max 

0.144 

0.210 

0.133 

0.285 

0.213 

0.220 

0.340 

a 

0.115 

0.171 

0.105 

0.237 

0.18 

0.184 

0.288 
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'M 

0.262 
0.316 
0 .342 
0.355 

0 263 
0 .317 
0 341 
0 346 

0.233 
0.275 
0.295 
0.305 

0.213 
0.255 
0.275 
0.283 

0.173 
0 .189 
0.196 
0.194 

0.352 
0 .410 
0 .440 
0.455 

0 .363 
0 .410 
0.435 
0 .448 

0 .238 
0 .312 
0 345 
0.350 

0.28 
0 .323 
0 342 
0 .347 

0 .257 
0 ,295 
0 .317 
0,330 

i (s 2) 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0 .8 

0 .2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 

T a b l e C -

V . 

1.15 

I ( C o n t ' d . ) 

X 

0.00082 

0 .00125 

0.8 1 

J^max 

0.363 

0.348 

0,307 

0.287 

0.20 

0.465 

0.453 

0.353 

0 .350 

0 335 

J. 

0.314 

0.304 

0 272 

0,258 

0 196 

0.410 

0,410 

0.299 

0.312 

0.296 



Table C-I (Cont'd.) 

a; 

0.237 
0.270 
0.280 
0.283 

0.393 
0.455 
0.478 
0.487 

0.387 
0.450 
0.488 
0.505 

0.422 
0.475 
0.495 
0.510 

V(s/2) 

0.482 
0 
0 
0 

0 
0 

550 
577 
587 

395 
470 

0.498 
0 .512 

0.410 
0.482 
0.523 
0.543 

0.390 
0.450 
0.485 
0.500 

0.338 
0.395 
0.430 
0.448 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

V . 

1.15 0.00125 

0.00175 

0.00255 

0.285 

0.493 

0.513 

0.517 

0.591 

0.517 

0.550 

0.510 

0.455 

0.266 

0 .442 

0.450 

0.468 

0.536 

0 .454 

0.476 

0.452 

0 .390 
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^ i 

0 .553 
0.585 
0,60 
O.DlO 

0.472 
0 .570 
0.623 
0 .650 

0.485 
0.555 
0.585 
0.595 

0.40 
0.465 
0 .488 
0 .490 

0.513 
0.573 
0 .598 
0 .612 

0 .121 
0.161 
0 .179 
0 .186 

0.113 
0 .148 
0 .159 
0.165 

0 215 
0 263 
0 277 
0 .280 

0 .308 
0 342 
0 .352 
0 .357 

0 .460 
0 .495 
0 .505 
0 515 

i ( « / 2 ) 

0 .2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

T a b l e C -

V . 

1.15 

1.54 

I (Cont 'd . ) 

.X 

0 .0033 

0,0043 

0 .00037 

0 ,00055 

0 ,00082 

0 ,00135 

^max 

0.620 

0,663 

0.60 

0,491 

0.618 

0 188 

0.168 

0 283 

0 .358 

0.519 

a 

0.578 

0.568 

0 550 

0.470 

0.556 

0.143 

0.143 

0 247 

0 335 

0,- l75 



Table C-I (Cont'd.) 

a i 

0.445 
0.482 

0.490 
0.495 

0.302 
0.343 
0.357 
0.364 

0.310 
0.355 
0.364 
0.366 

0.488 
0.537 
0.548 
0.555 

0,503 
0.540 
0.552 
0.562 

0.425 
0.483 
0.500 
0.510 

0,485 
0.580 
0.625 
0.650 

0.525 
0,605 
0.635 
0.653 

0.182 

0.205 
0.213 
0.213 

0.170 

0.193 
0.208 
0.213 

1 
V(s/2) 

0.2 
0.4 

0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 

0.8 

Vs 

1.54 

2.29 

X 

0.00135 

0.00175 

0.00257 

0.0043 

0 ,00037 

oi-max 

0.497 

0.369 

0.367 

0.558 

0 ,564 

0 .512 

0 ,660 

0.658 

0 .214 

0.215 

a 

0,475 

0 .340 

0.340 

0.442 

0.442 

0.472 

0 .594 

0 .594 

0.205 

0.205 
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^ i 

0 .356 
0.375 
0.383 
0 .387 

0.354 
0.373 
0.376 
0.376 

0.273 
0.325 
0 .338 
0.347 

0 .440 
0.477 
0 .492 
0 .498 

0.435 
0 .460 
0 .470 
0.474 

0 .308 
0 .398 
0.415 
0 .418 

0 .330 
0.4 
0 .408 
0 .409 

0 .488 
0 .532 
0 .548 
0.555 

0 .500 
0 .568 
0 .590 
0 598 

i/(«/2) 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0 6 
0.8 

T a b l e C 

V , 

2 .29 

- I (Cont 'd . ) 

X 

0.00082 

0.00135 

0 .00175 

•^max 

0.388 

0.377 

0.353 

0.5 

0.475 

0 .420 

0.410 

0.557 

0.60 

a 

0.365 

0.365 

0.336 

0.452 

0,452 

0.394 

0.394 

0 .542 

0 .570 



T a b l e C-I (Con t ' d . ) 

Oi 

0.530 
0.587 
0.603 
0.612 

0.550 
0.590 
0.610 
0.620 

0.435 
0.516 
0.535 
0.537 

0.440 
0.525 
0.568 
0.585 

0.498 
0.575 
0.598 
0.610 

0.530 
0.585 
0.610 
0.615 

0.498 
0.568 
0.600 
0.608 

0.552 
0.602 
0.622 
0.630 

0.315 
0.390 
0.415 
0.425 

V(s/2) 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

2.29 0 .00257 

0.0033 

4.61 

0.0043 

0.00125 

0.618 

0.622 

0.538 

0.588 

0.615 

0.620 

0.615 

0.637 

0 .430 

0.584 

0.58 

0.55 

0.55 

0.56 

0.56 

0.6 

0.6 

0.4 
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Table C-I (Cont'd.) 

• l i 

0 .308 
0.395 
0 .422 
0 432 

0 .458 
0 .532 
0 .550 
0.553 

0.453 
0 518 
0.555 
0 .588 

0 465 
0 .520 
0 .548 
0.555 

0 .542 
0.605 
0 .640 
0 .658 

0.528 
0 588 
0.612 
0.626 

0.412 
0 .448 
0 .538 
0.562 

0 .408 
0 .520 
0 .572 
0.615 

0 .420 
0 .508 
0 .538 
0 .548 

//(•A) 
0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

V , 

4 .61 

X 

0.00125 

0.00175 

0.0033 

0.00255 

0 .0033 

'^max 

0.440 

0.553 

0.610 

0.562 

0.665 

0.628 

0 .578 

0.652 

0.55 

a 

0.4 

0.54 

0.54 

0.51 

0.59 

0.59 

0.56 

0.5b 

0.51 



o-i 

0.250 
0.295 
0.315 
0.322 

0.227 
0.275 
0.324 
0.345 

0.270 
0.345 
0.390 
0.415 

0.255 
0.355 
0.380 
0.403 

0.353 
0.470 
0.518 
0.540 

0.380 
0.500 
0.535 
0.552 

0.425 
0.548 
0.590 
0.612 

0.448 
0.570 
0.630 
0.638 

0.227 
0.295 
0.335 
0.360 

V(s/2) 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

Tab le C-I (Cont 'd . ) 

Vs 

4.61 

X 

0.00082 

0.00135 

0.00257 

0.0043 

0.00082 

o 'max 

0.325 

0.360 

0.424 

0.413 

0.542 

0.558 

0.620 

0.670 

0.370 

a 

0.31 

0.31 

0.35 

0.35 

0.504 

0.504 

0.59 

0.59 

0.32 



95 

-M 

0.245 
0.312 

0.335 
0.352 

0.145 
0.225 
0 .268 
0 .290 

0.225 
0.333 
0.383 
0.404 

0.183 
0 .280 
0.377 
0 360 

0.255 
0 .370 
0.418 
0.442 

0.515 
0.640 
0.70 
0.723 

0.315 
0 .468 
0.555 
0 .590 

0.395 
0 .480 
0.525 
0.545 

0 .420 
0 .558 
0 .628 
0 655 

V(»A) 
0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

T a b l e C -

V , 

4 .61 

9.25 

I (Cont 'd . ) 

X 

0 .00082 

0 .00082 

0.00135 

0.00257 

0.0043 

"^max 

0.365 

0.3 

0.422 

0.370 

0.450 

0 .728 

0 .598 

0.550 

0.667 

j-

0.32 

0.37 

0.37 

0.406 

0.406 

0.53 

0.53 

0.61 

0.61 
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Table C-I (Cont'd.) 

a j 

0.196 
0.270 
0.292 

0.295 

0.220 
0.273 
0.300 

0.315 

0.250 
0.307 
0.320 
0.321 

0.277 
0.320 
0.326 

0.327 

0.268 
0.340 
0.375 
0.395 

0.307 
0.375 
0.397 
0.408 

0.260 
0.340 
0.380 
0.410 

0.260 
0.370 
0.420 
0.450 

0.306 

0.383 
0.422 
0.440 

V(s/2) 

0.2 
0.4 

0.6 
0.8 

0.2 
0.4 

0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 

0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

Vs 

9.25 

X 

0 .00082 

0.00125 

0.00175 

' ^ m a x 

0.296 

0 .321 

0.323 

0.328 

0.403 

0 .414 

0.425 

0.468 

0 .450 

a 

0 .306 

0.31 

0.32 

0.32 

0.39 

0.39 

0.41 

0.41 

0 .446 



Table C-l (Cont'd.) 

/ / ( • / 2 ) 

0 365 
0 .420 
0.445 
0.463 

0.337 
0.402 
0.432 
0 .450 

0.332 
0 .448 
0.502 
0 .530 

0.378 
0.480 
0 518 
0.54 

0.370 
0 .472 
0.518 
0 .529 

0 .410 
0.502 
0.548 
0.572 

0.388 
0.485 
0.533 
0.563 

0 .390 
0.542 
0 .610 
0 642 

0 2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0 .8 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

9.25 0 .00255 

0.8 

0.0043 

0.473 

0.460 

0.535 

0.545 

0,531 

0.587 

0.578 

0.655 

0.5 

0,5 

0,51 

0,51 

0.53 

0.53 

0,6 

0,6 



Tab le C-II 

TABLE OF THE E X P O N E N T m IN EQ. ( C - l ) AND CORRELATING 
P A R A M E T E R S F O R A P R E S S U R E OF 14.7 PSI 

Veloci ty , 
f t / s e c 

1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 
1.35 

Mean Void 
F r a c t i o n 

0.135 
0.142 
0.20 
0.247 
0.27 
0.30 
0.335 
0.35 
0.39 
0.41 
0.45 
0.455 
0.465 
0.53 
0.535 
0.57 

m 

0.25 
0.16 
0.123 
0.089 
0.113 
0.098 
0.060 
0.060 
0.060 
0,060 
0.110 
0.083 
0.073 
0.091 
0.052 
0.061 

Ve loc i ty , 
f t / s e c 

4 .61 
4.61 
4.61 
4.61 
4.61 
4.61 
4.61 
4.61 
9.25 
9.25 
9.25 
9.25 
9.25 
9.25 
9.25 
9.25 

M e a n Void 
F r a c t i o n 

0.30 
0.32 
0.35 
0.4 
0.5 
0.52 
0.54 
0.58 
0.365 
0.40 
0.41 
0.45 
0.50 
0.53 
0.57 
0.62 

m 

0.185 
0.215 
0.225 
0.14 
0.17 
0.107 
0.12 
0.14 
0.315 
0.24 
0.28 
0.175 
0.170 
0.225 
0.18 
0.165 

Table C-III 

PHASE DISTRIBUTIONS AND FLOW CONDITIONS IN A CIRCULAR P I P E 

(P = 600 ps i ) 

P ipe 
Size 

2 
2 
2 
2 
2 
2 

3/4 
2 

3 /4 
2 
2 

3/4 
3 /4 

2 
2 

3 /4 

'^naax 

0.633 
0.325 
0.651 
0.696 
0.815 
0.641 
1.0 
0.851 
1.0 
0.639 
0.585 
0.859 
0.924 
0.675 
0.566 
0.874 

a a t 
r / R = 0.4 

0.456 
0.264 
0.501 
0.566 
0.671 
0.59 
0.868 
0.813 
0.92 
0.625 
0.514 
0.662 
0.748 
0.598 
0.486 
0.709 

a a t 
r / R = 0 . 6 

0.311 
0.222 
0.358 
0.446 
0.539 
0.482 
0.694 
0.698 
0.82 
0.528 
0.383 
0.454 
0.532 
0.464 
0.364 
0.495 

a a t 
r / R = 0 . 8 

0.177 
0.172 
0.197 
0.300 
0.361 
0.283 
0.42 
0.438 
0.473 
0.307 
0.190 
0.225 
0.266 
0.260 
0.187 
0.23 

c tmeas 

0.262 
0.189 
0.280 
0.364 
0.433 
0.33 
0.542 
0.481 
0.576 
0.36 
0.25 
0,355 
0.417 
0,360 
0.264 
0.366 

X 

0.017 
0.013 
0.021 
0.031 
0.043 
0.0262 
0.0262 
0,067 
0.0685 
0.031 
0.014 
0.0139 
0.0306 
0.031 
0.017 
0.0173 

Supe r f i c i a l 

Ve loc i ty , 
f t / s e c 

2.3 
2.03 
2.08 
2.21 
2.21 
1.63 
5.58 
1.63 
5.56 
1.66 
1.59 
5.45 
5.80 
1.70 
1.63 
5.56 
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•OID riACTIOl , a , 

Fig. c - 2 . Effect of Void Fract ion 
and Liquid Velocity on 
Slope m of Eq. ( C - l ) . 

The s lope m as a function of 
the mean void fraction 7 and the 
liquid veloci ty is shown in Fig. C-2. 
A family of curves is obtained for 
different superf ic ial liquid v e l o c i t i e s . 
The exponent m d e c r e a s e s as the 
average void content of the fluid in­
c r e a s e s , and i n c r e a s e s as the super­
ficial liquid veloci ty i n c r e a s e s . It 
is be l ieved, however, that as '7. con­
tinued to increase the slope m would 
reach an asymptot ic value. By c r o s s 
plotting with respect to velocity , the 
following relat ionship for the slope m 
was obtained: 

m = 0.024 ( V j " " ' ' / 5 (C-2) 

As a result , the phase d i s t r i ­
bution for a i r - w a t e r mixtures at 
a tmospheric p r e s s u r e may be e s t i ­
mated from the following express ion: 

s / 2 

0.024(Vs) 
0.666/ . 

( C - 3 ) 

where 

j . ^ - void fraction at i 

a m a x - max imum void fraction at s / 2 

s - the channel spacing 

t - d is tance from edge of the channel 

"o. - mean void fraction 

V- = superf ic ia l liquid velocity 

Some information on the phase distribution at higher p r e s s u r e s has 
recently become avai lable . Haywood et a l . , ( ' ' ' ) published the resul ts of an 
ex tens ive study of 2 - p h a s e flow including data on the phase distributions in 
a c i rcu lar pipe. The true local void distribution was not m e a s u r e d but was 
deduced from chordal density m e a s u r e m e n t s taken at 4 posi t ions a c r o s s 
the pipe. Sufficient profile data were not included to yield quantitative 
ef fects of s y s t e m p a r a m e t e r s which could be compared with the data from 
rectangular channels . A cursory ana lys i s of the 600- lb void profile data, 



however , ind ica ted that the p h a s e d i s t r i b u t i o n b e c a m e f l a t t e r a s the m i x t u r e 
quali ty or void f r ac t ion i n c r e a s e d . Th i s is s i m i l a r to the effect o b s e r v e d on 
the a i r - w a t e r loop. 

A technique s i m i l a r to tha t u s e d by Haywood ê t a l . , ( ' " / and by 
Schwarzl^Q/ to obta in void p ro f i l e s f r o m t r a v e r s e s of c i r c u l a r tubes w a s 
appl ied to a second se t of data ob ta ined f r o m p r e v i o u s s t u d i e s a t 600 p s i on 
pipes of 2- in . and "7"-in. d i a m e t e r s and cove r ing a qua l i ty r a n g e f r o m 0 
to 0.07. 

It was a s s u m e d that the void vo lume f r ac t i on could be e x p r e s s e d a s 
a function of the polynoinia l 

"«(i)"-(i)'-(i)' ( C - 4 ) 

T h e r e f o r e , a t any chord a t d i s t a n c e Z f r o m the c e n t e r ( s ee 
F ig . C-3) , 

«-Z dy /Y ( C - 5 ) 

where 

r sin [ a r c cos Z / r I 

F ig , C-3 

C r o s s - s e c t i o n a l D i a g r a m of C i r c u l a r Conduit 

Subst i tut ing Eq. (C-4) into Eq. (C-5) and i n t e g r a t i n g , 

"-v(T-')v.(?*^"-'-')*t.(^4 
' ) • 

( C - 6 ) 



The 4 constant* are evaluated by taking mean density readings at Z = 0, 
Z = 0.4 R. Z = 0.6 R. and Z - 0,8 R, Substituting the mean 7 into the 
equations for the 4 chordal pos i t ions and solving them s imultaneous ly , 
there a r e obtained 
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a,=o 
a b c 

= 0+ — + — + — 
3 5 7 (C-7) 

a« = o.4R = 0 + 0,44a + 0,256b + 0,1779c 

a's=o.»R = 0 + 0.573a + 0.365b + 0.255c 

az=o.(R = o + 0,76a + 0 587b + 0.465c 

( C - 8 ) 

(C-9) 

(C-10) 

To check the validity of the void prof i les obtained in this manner, 
the polynomial obtained from the s imultaneous solution of Eq. (C-7) through 
Eq. (C-10) was integrated to obtain a mean void volume fraction This 
value was then compared with the mean s team volume fraction obtained 
from a comple te t r a v e r s e of the channel. The 2 mean s team volume f r a c ­
tions are tabulated in Table C-IV, As can be s e e n , the agreement between 
the 2 va lues in the majority of the c a s e s is exce l l ent , thus attest ing to the 
validity of the der ived void prof i l e s . The void prof i les were then reduced 
to d i m e n s i o n l e s s form and plotted in the same manner as the data from 
rectangular channels . The s lopes of the a / a m a x v e r s u s r /R plots were 
obtained in the s a m e manner mentioned e a r l i e r and plotted v e r s u s the 
mean void fract ion as shown in Fig. C-4 , and tabulated in Table C-V. 
As can be s e e n , a family of c u r v e s was der ived which is very s i m i l a r to 
that obtained from the a i r - w a t e r data. Again, the s lope m was found to 
vary inverse ly with the mean void fract ion i and with the superf ic ia l liquid 
ve loc i ty to the two- th irds power. The 6 0 0 - p s i fannily of curves is m e r e l y 
d i sp laced upward in re lat ion to the a i r - w a t e r data. 

Table C-IV 

COMPARISON OF VERSUS ~cAlc FOR A CIRCULAR SECTION 
USING THE METHOD OF HAYWOOD ET AL , AND OF SCHWARZ 

Run 

62 
55 
52 
45 
44 
164 
165 
166 
167 

-̂ nneas 

0.262 
0 189 
0.280 
0,364 
0.433 
0.33 
0.542 
0 481 
0.576 

'calc 

0.252 
0.187 
0 284 
0.366 
0.429 
0,367 
0,537 
0.525 
0,628 

Run 

168 
16'< 

170 
171 
1 72 

17) 
174 
1 7S 

'meas 

0.488 
0.36 
0.25 
0.355 
0.417 
0. 3(. 

U 2«.-l 

U .ilil. 

•̂̂ calc 

0.499 

0.398 

0.304 

0.367 

0.425 

0,36 

0,28b 

0,395 
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Fig. C-4 

Effect of Steam Volume Fract ion 
and Liquid Velocity on Slope m of 

Eq. (C-11) 

0 . 5 

VOID FfiACTIOH (OC) 

Table C-V 

TABLE OF VALUES FOR THE EXPONENT m 
IN EQ. (C-11) AND CORRELATING 

PARAMETERS 
(P = 600 psi) 

V 

1.63 

1.63 

1.63 

1.63 
1.63 

1.63 

2 . 2 5 

2 . 2 5 

2 . 2 5 

2 . 2 5 

2 . 2 5 

5 . 5 6 

5 . 5 6 

5 . 5 6 

5 . 5 6 

5 . 5 6 

a 

0 . 2 6 4 

0 . 3 6 0 

0 . 2 5 

0 . 3 6 

0 . 4 8 

0 . 3 4 

0 . 4 3 3 

0 . 4 3 3 

0 . 3 6 4 

0 . 2 8 

0 . 2 6 2 

0 . 4 0 
0 . 4 2 

0 . 3 6 

0 . 5 7 5 

0 . 5 4 2 

m 

0 . 5 7 5 

0 . 4 5 

0 . 5 6 2 

0 . 3 2 

0 . 2 7 5 

0 . 3 7 5 

0 . 4 8 

0 . 4 7 5 

0 . 5 

0 . 7 0 

0 . 7 5 5 

0 . 7 0 

0 . 6 8 7 

0 . 7 8 
0 . 4 3 

0 . 4 8 3 
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The higher values of m indicate the void prof i les at 600 psi are more 
highly skewed. The function descr ib ing the phase distribution data at 
600 psi i s 

o . i ( V , ) / J. 
t/^x (r R) (C-11) 

It should be noted that there may be some geometr ica l effect on 
the phAse distr ibution because of the manner in which the data were taken 
for the a i r - w a t e r study. The larger values of m obtained for liquid v e ­
loc i t i e s of 4.61 and 9.25 ft s ec are a s s o c i a t e d with channel widths of 
•J- and — in. The lower values of m corresponding to a velocity of 
- 1 . 3 5 ft s ec are a s s o c i a t e d with the - - i n . and 1-in.-width channel. The 
same holds true for the bOO-psi data. Unfortunately, virtually no data 
were obtained for varying ve loc i t i e s in the individual channels . The fact, 
however, that the geometr ic range covered was quite large (-j--in. spacing 
to 2 - in . pipe) and that the velocity effect was the same indicates that the 
geometr i ca l effect , if one e x i s t s , is quite smal l . 

The re lat ionship between the chordal -mean void volume fraction 
obtained at the center line of the tube c r o s s sect ion and the mean void 
volume fract ion for the whole pipe was a l so invest igated. It has been 
proposed by a number of invest igators that the mean void volume fraction 
of a pipe can be e s t imated with sufficient accuracy if the centerl ine value 
IS known. The values of the ratio that has been proposed range from 
- 0 . 8 0 to 0.86. The values of the ratio derived from the 600-ps i data are 
Ubulated in Table C-VI and plotted in Fig. C-5 as a function of the average 
void volume fraction. 

Table C-VI 

COMPARISON OF A V E R A G E VOIDS WITH 
MAXIMUM AND C E N T E R U N E VOIDS 

^hn*m% 

0.189 
O.lbZ 
0 280 
0 364 
0.433 
0 33 
0 . M 2 
0.481 
0.576 
0.488 
0 }6 
0 2S 
0 3SS 
0.417 
0.360 
0.264 
0.366 

-'mAx 

0.325 
0.633 
0 651 
0.696 
0.815 
0.641 
1.000 
0 851 
1.00 
1.00 
0 639 
0.585 
0.859 
0.924 
0.675 
0.566 
0.874 

5 / a m « x 

0 582 
0.414 
0 41 
0,522 
0 531 
0 515 
0 542 
0.565 
0 576 
0,488 
0.563 
0,427 
0 413 
0,451 
0,538 
0.466 
0.418 

" C L 

0.23 
0.37 
0.40 
0 472 
0 565 
0.468 
0 700 
0.653 
0 800 
0 712 
0.493 
0.400 
0.520 
0.586 
0 470 
0 380 
0.550 

V ^ C L 

0.822 
0.708 
0.700 
0.771 
0 780 
0,705 
0,774 
0.736 
0.72 
0.685 
0.730 
0.625 
0.68} 
0 711 
0,765 
0,695 
0.665 

Superficial 
Velocity, 

f t / i e c 

2.03 
2.3 
2.08 
2 21 
2 21 
1.63 
5 58 
1 63 
5.56 
5.69 
1 66 
1 59 
5 45 
5.80 
1 70 
5,75 
5.56 
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Variation of the Ratio 
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MEAN VOID FRACTION (C() 

It is apparent that there is a substantial variation in the ratio (0.625-0.82) 
over the void and velocity parameter range studied. The ratio appears to 
increase as the average channel void fraction increases and the superficial 
velocity decreases . The variations a re not great, but it appears doubtful 
that a mean value of the ratio could be utilized over wide parameter range 
and still yield accurate information. 
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Appendix D 

SLIP RATIOS IN DOWN FLOW 

The magnitude of carryunder which occurs in a given system is 
strongly affected by the slippage between the phases in the downcomer. The 
downcomer void fraction is especially sensitive to the downflow slip ratio. 
In downflow. the gas-liquid velocity ratio may vary between 0 and 1. If flow 
conditions are such that the buoyancy velocity of the bubbles very nearly 
equals the downward liquid velocity, the slip ratio approaches zero and the 
void fraction increases sharply. If the downward liquid velocity is very 
large in comparison with the upward buoyancy of the bubbles, the slip ratio 
would then tend toward unity. 

A separate study was undertaken to provide information on the effects 
of pa ramete r s such as velocity, mixture quality, and pressure on the down-
flow slip rat io . The initial phase of the study was carr ied out on the a tmos­
pheric a i r -wate r loop. Data on downflow slip ratios were obtained as part 
of the carryunder study. The downcomer mixture quality and void fractions 
were measured, and the slip ratio was calculated from the continuity 
equation. 

High-pressure data were obtained from the 2500-psi Heat Transfer 
and Fluid Flow Test Facility. A ser ies of tests were made in which data 
were taken randomly over a velocity range from 0.5 to 5 ft/sec at p ressures 
of 600. 1000, and 1500 psi A schematic of the loop arrangement used in 
these tes ts is given in Fig. D-1 . The downflow slip ratios were obtained 
from the adiabatic segment of piping denoted as the downflow test section. 
The void volume fraction a was determined by 3 methods: namely, by Potter 
Meter,* ' gamma t ravers ing , and from differential static p ressure m e a s ­
urements . The 3 techniques were employed to insure the accuracy of the 
data The values of the mean void fraction determined by the 3 methods 
checked very well. As a result , the differential static p ressu re -d rop tech­
nique was used for determining the steam volume fraction in the majority 
of runs, since it was the s implest . The measurements were taken in the 
lower portion of the section to allow the flow to stabilize after coinpleting 
the 180° turn at the top of the section. The steam weight fractions X were 
determined by a heat balance on the heated test section and checked by a 
heat balance on the downcomer cooler 

The correlat ing techniques that were used on upflow slip ratio data 
were applied to the downflow data. Initially, the slip ratio was plotted ver­
sus the superficial and true liquid velocity in the hope of obtaining s impli­
fied relat ionships. .Substantial success had been obtained with such plots 
for the upflow a i r -water rlata. 
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DOWN FLOW 
TEST SECTION 

'1 PRESSURE 
TAPS 

COOLING WATER OU nnj. 
h ^ POTTER 
J''LJ METER 

Tc 

)( MAKE-UP 
INLET '^ 'vL 

- BLANK PLATE 

DEFLECTOR 

F i g . D-1 

S c h e m a t i c of Loop 
A r r a n g e m e n t 

HEATED 

SECTION 

COOLING WATER 

A plot of the a i r - w a t e r s l ip r a t i o s v e r s u s the s u p e r f i c i a l l iquid v e ­
loc i ty i s shown in F ig . D - 2 . As can be s een , t h e r e i s c o n s i d e r a b l e s c a t t e r , 
but it is not e x c e s s i v e excep t in the r eg ion of about 1.5 f t / s e c . The e x c e p ­
t ional s c a t t e r in th is ve loc i ty r eg ion is unexp la ined . The s c a t t e r i n g i t s e l f 
i s due p r i m a r i l y to the m i x t u r e qua l i ty , tha t i s , the da ta po in t s " s t ack u p " 
with i n c r e a s i n g qua l i ty . 

F ig . D-2 

A i r - W a t e r Slip Rat ios V e r s u s Super ­
ficial Downcomer Veloci ty 

1.0 2 .0 3 .0 U.O 5 .0 

SUPERFICIAL LIQUID VELOCITY ( V . } , f t / s e c 
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The s l ip rat ios w e r e then plot ted a s a function of the t r u e l iquid v e ­
loc i ty in an a t t e m p t to e l i m i n a t e the qua l i ty effect . As the m i x t u r e qual i ty 

is i n c r e a s e d for a fixed supe r f i c i a l 
l iquid ve loc i ty , the t r u e liquid v e ­
loc i ty i n c r e a s e s due to the c o r ­
r e spond ing i n c r e a s e in the void 
f r ac t i on . The l imi t ed s u c c e s s o b ­
ta ined f rom this c o r r e l a t i o n a t ­
t empt is shown in F ig . D - 3 . The 
" s t a c k i n g " is r educed s o m e w h a t , 
e s p e c i a l l y in the lower ve loc i ty 
r a n g e , but the effect was not 
l a r g e enough. 

P lo t s of the h i g h - p r e s s u r e 
s l ip r a t io s v e r s u s the supe r f i c i a l v e ­
loc i t i e s for downflow a r e shown in 
F i g s . D-4 to D-6 . As can be s e e n , a 
r e l a t i o n s h i p a p p e a r s to ex i s t between 
the 2 v a r i a b l e s . The s c a t t e r of the 
da ta , aga in , while l a r g e , is not e x ­
c e s s i v e . Vi r tua l ly the s a m e line can 
be d rawn through each se t of da ta , 
that i s , no s ignif icant p r e s s u r e effect 
a p p e a r s to e.xist, a l though the bOO-psi 
data a r e s l ight ly lower in the low-
veloci ty range and s l igh t ly h ighe r in 

the h i g h e r - v e l o c i t y r a n g e . The a i r - w a t e r data shown in F ig . D-2 l ikewise 
fall within the r ange of the h i g h - p r e s s u r e da t a . T h e s e r e s u l t s a r e s o m e ­
what s u r p r i s i n g , s ince a s igni f icant p r e s s u r e effect on the s l ip r a t i o h a s been 
found for upflow cond i t ions when the data w e r e plot ted in th is m a n n e r . T h e r e 
a r e n u m e r o u s ind ica t ions of th i s t r e n d in the a \ ' a i lab le l i t e r a t u r e . A s i m i l a r 
p r e s s u r e effect on the s l ip r a t i o was expec t ed in downflow. As the c r i t i c a l 
point i s a p p r o a c h e d , the s l ip r a t i o m u s t app roach uni ty . A l s o , it should be 
noted that the buoyancy f o r c e s d e c r e a s e with i n c r e a s i n g p r e s s u r e . T h e r e ­
f o r e , one would expec t i n c r e a s i n g downflow s l ip r a t i o s as the p r e s s u r e is 
i n c r e a s e d . A s tudy of the bubble s i z e s and c o a l e s c e n c e a s the t e m p e r a t u r e 
and p r e s s u r e is r a i s e d might shed s o m e light on th is m a t t e r . 

P lo t s of the s l ip r a t i o s a s a function of the t r u e liquid ve loc i ty for 
h i g h - p r e s s u r e data a r e shown in F i g s . D-7 , D - 8 , and D - 9 . A r a n d o m p r e s ­
s u r e effect a p p e a r s to e x i s t . Fo r a g iven t r u e l iquid ve loc i ty the s i n a l l e s t 
s l i p r a t i o s a r e ob ta ined at 600 p s i , and the h ighes t at a t m o s p h e r i c c o n d i t i o n s , 
14.7 psi and 80°F . The lOOO-psi and 1500-ps i data a r c v i r t ua l l y the s a m e and 
fall be tween the bOO-psi and l 4 . 7 - p 8 i s e t s of da ta . It should a l s o be noted 
that t h e r e i s a c o n s i d e r a b l e i n c r e a s e in the s c a t t e r of the Nlip-r , i t io data 
when p lo t ted a s a function of the t r u e l iquid ve loc i ty . 

Fig. D - 3 . A i r - W a t e r Slip Rat ios 
V e r s u s T r u e Downcomer 
Liquid Veloci ty 



SUPERFICIAL LlOUlO VELOCITY (V ) , f t / s i 

Fig . D-4 . Slip Rat io V e r s u s Supe r f i c i a l D o w n c o m e r 
Veloci ty at 600 ps i 
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Fig . D - 5 . Slip Ratio V e r s u s Super f ic ia l D o w n c o m e r 
Veloci ty at 1000 ps i 
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Fig. D-7. Slip Ratio Versus True Downcomer 
Velocity at 600 psi 
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The slip ratio versus liquid velocity plots, although very useful, a re 
not considered completely adequate because they do not incorporate the ob­
served quality effect. Therefore, a more elaborate generalized correlat ion 
was attempted. 

Kutateladze'^^' and coworkers used the theory of s imilar i ty to derive 
dimensionless groups for correlating data about vapor volume fraction. They 
found that the data for void volume fraction correla ted fairly well when 
plotted versus the quantity 

X /PL 
1 - X Ip 

where 

X = Weight flow rate of gas/Weight flow rate of liquid. 

A family of curves was obtained corresponding to different Froude Numbers, 
VVgD. For low gas rates the mixture quality X is essential ly equal to X. 
Recently, Marchaterre and Hoglund'^' correlated slip ratios by means of 
virtually the same pa ramete r s ; they plotted the slip ratios versus the quantity 

j ^ i j and likewise obtained a family of curves for various Froude 

numbers . 

The downflow slip ratios were therefore plotted versus the quantity 
X / P T , . . 

and a similar family of curves was obtained for the various m 1 - X 
Froude numbers . Typical plots are shown in Fig. D-10 

By a ser ies of cross plots, the following empirical relat ionship was 
obtained for calculating the downflow slip rat ios over the parameter ranges : 

14.7 psi < pressure < 1500 psi, 1 f t /sec < Vg < 7 f t / sec , and 
0.0005 < X < 0.10: 

Z i - = 0.63 (Fr)"-* 
V L > - ^ ( % ) 

(D-1) 

It should be noted that the diameter D of the flow channels was not 
changed extensively; hence, the variation of the Froude number was due 
primari ly to the varying mass velocity. Whether or not the data taken on 
widely differing diameter channels would fall on the same family of curves 
derived from this study is uncertain. It is expected that for very low flow 
rates and large equivalent diameters this correlat ing technique would not 
hold and large deviations would be encountered. A number of invest igators 
have reported that wall effects on the r i se of vapor bubbles in pipes diminish 
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when a cer ta in d iameter of pipe is reached. Analys i s of upflow sl ip ratio 
data has shown that the d iameter effect d e c r e . i s e s rapidly above D = 2 in. 
Marchater r e l - ^ ' has sugges ted that for a channel d iameter greater than 
i in. the Froude number for this type of corre lat ion should be evaluated 
with D = 3 in. 
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Fig. D-IO. Correlat ion of Downflow Slip Ratio 

A compar i son of Eq. (D-1) with the h igh-pres sure data is shown on 
an e r r o r plot in Fig. D-1 1 . 0 \ e r 85% of the calculated values fall within 
t20% of the m e a s u r e d data. For s l ip - ra t io data such agreement is cons id ­
ered quite good. 

The corre lat ion did not fit the a i r - w a t e r data very wel l . The c o r r e ­
lation predicted values that were too low for the set of data taken in the 
lower downcomer and values that were too high for the set taken in the upper 
downconner. 

The a i r - w a t e r data taken in the upper dowTicomer are thought to be 
somewhat in e r r o r . Visual observat ion has shown that not all air carr ied 
under in the upper downcomer is actual ly entrained. Some of the air e s ­
capes due to c o a l e s c e n c e . As a result , the void fraction in this region, which 
i s der ived from the differential p r e s s u r e - d r o p m e a s u r e m e n t , i s art i f ic ial ly 
high. This high void fraction when used in conjunction with the measured 
mixture quality in the continuity equation to calculate the s l ip rat ios y ie lds 
abnormal ly low values of s l ip ratio. If this poslul.i l ion is true, it could well 
account for the large scat ter of the data in the empiric . i l carryunder c o r ­
relat ion descr ibed prev ious ly in .Sci lion VI. 



MEASURED SLIP RATIOS 

Fig . D - 1 1 . C o m p a r i s o n be tween the High P r e s ­
s u r e Downflow Slip Rat io Data and 
the C o r r e l a t i o n 

The p r e s s u r e effect in Eq . ( D - l ) i s i n h e r e n t in the t e r m 
[ X P L / ( 1 -XJpg]" '^ . A f i r s t g lance i n d i c a t e s that the s l ip r a t i o d e c r e a s e s 
with i n c r e a s i n g p r e s s u r e . Howeve r , upon c l o s e r i n s p e c t i o n , the oppos i t e 
effect i s ev iden t . F o r a fixed void vo lume f r a c t i o n , the m i x t u r e qua l i ty i n ­
c r e a s e s m o r e s h a r p l y with p r e s s u r e than the p\JPa d e c r e a s e s . Hence the 
p roduc t [ x / ( l - X ) ] / ( p L / p g ) would tend to i n c r e a s e and thus y ie ld h i g h e r 
s l ip r a t i o s with i n c r e a s i n g p r e s s u r e and cons t an t void f r a c t i o n . 

Equat ion ( D - l ) i s r e c o m m e n d e d for comput ing the s l ip r a t i o in 
downflow for s t e a m - w a t e r m i x t u r e s over the p a r a m e t e r r a n g e spec i f i ed . 
F o r flow channe l s of l a r g e d i a m e t e r , it i s s u g g e s t e d that D = 3 in . be u s e d 
for ca lcu la t ing the F r o u d e n u m b e r . A few da ta poin ts ob ta ined f r o m a 
3 - f t - d i a m e t e r s y s t e m w e r e c a l c u l a t e d in th i s m a n n e r , and they a r e shown 
in F ig . D - 1 1 . As can be seen , the a g r e e m e n t be tween the m e a s u r e d and 
p r e d i c t e d va lues is good. 

A tabula t ion of data i s p r e s e n t e d in Table D- l t h rough D-I I I . 
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600-p»i DOWNFLOW aUi' DATA 

Run No. 

D-19 
D-50 
D-51 
D-52 
D-53 
D-S4 A 
D-54 B 
D-55 
D-S6 
D-S7 
D-58 
D-59 
D-60 
D-61 
D-62 
D-63 
D-64 
D-6S 
D-66 
D-67 
0-68 
D-69 
D-70 
D-71 
D-15 
D-16 
D-17 
D-18 
D-ZO 
D-Zl 
D-ZZ 
D-Zi 
D-24 
D-Z5 
D-26 
D-30 
D-31 
D-IZ 
D-33 
D-34 
D-35 
D-36 
D-37 
D-38 
D-39 
D-40 
D-41 
D-42 
D-4 3 
D-44 
D - 4 } 
D -46 
D-47 
D-48 

X 

0.0422 
0.0356 
0.029J 
0.0194 
0.02S83 
O.OJIO 
0.0309 
0.0348 
0.0327 
0.0316 
0.0305 
0.0378 
0.0267 
0.0263 
0.0182 
0.0271 
0.0139 
0.0497 
0.0277 
0.0207 
0.0187 
O.OS53 
0.0401 
0.0294 
0.0030 
0.006S4 
0.0079 
0.01097 
0.0008 
0.0119 
0.0214 
0.0232 
0.0240 
0.0330 
0.0168 
0.0008 
0.02355 
0.0163 
0.01485 
0.01408 
0.01754 
0.02138 
0.02049 
0.01626 
0.01434 
0.00797 
0.00714 
0.01587 
0.00911 
0.00554 
0.00589 
0.01203 
0.01301 
0.0201 

V , 

0.985 
0.9825 
0.945 
2.578 
2.578 
2.86 
2.89 
2.834 
2.95 
3.018 
3.203 
3.38 
3.52 
3.635 
2.49 
2.49 
2.48 
2.49 
4.51 
4.185 
4.32 
1.415 
1.388 
1.33 
2.41 
2.42 
2.74 
2.74 
2.75 
2.77 
2.41 
1.58 
1.32 
1.24 
1.45 
1.57 
1.608 
1 .608 
1.582 
1.558 
1.309 
1.322 
1.35 
1.309 
1.281 
1.636 
1.615 
1.266 
1.35 
1.992 
2.01 
2.03 
2.01 
1.99 

V T 

5.125 
4.7236 
4.311 
5.876 
6.752 
7.72 
7.662 
7.99 
7.82 
7.76 
7.86 
7.71 
7.826 
7.76 
5.54 
6.66 
7.108 
8.058 
8.904 
8.081 
7.883 
6.611 
6.252 
5.526 
3.04 
3.55 
4.45 
5.06 
3.3 
5.27 
5.23 
5.30 
5.39 
4.92 
4.80 
1.73 
4.902 
4.614 
4.820 
4.4705 
4.732 
4.579 
4.858 
4.404 
4.074 
3.864 
3.2126 
3.698 
3.211 
3.046 
5.629 
3.71 
5.312 
5.298 

V g / V L 

0.3894 
0.3604 
0.3153 
0.5753 
0.608 
0.7464 
0.718 
0.738 
0.7613 
0.771 
0.806 
0.830 
0.833 
0.8855 
0.5623 
0.6192 
0.6995 
0.8695 
1.087 
0.8427 
0.8606 
0.5921 
0.4232 
0.357 
0.4251 
0.525 
0.4712 
0.4864 
0.149 
0.494 
0.696 
0.3774 
0.2964 
0.4273 
0.2752 
0.2864 
0.4381 
0.3295 
0.2737 
0.2878 
0.2536 
0.3325 
0.2990 
0.2596 
0.2477 
0.219 
0.2700 
0.312 
0.2477 
0.39124 
0 . )96 
0.5467 
0.2983 
0.4585 



Table D-II 

R u n N o . 

D - 7 2 

D - 7 3 

D - 7 4 

D - 7 5 

D - 7 6 

D - 7 7 

D - 7 8 

D - 7 9 
D - 8 0 

D - 8 1 

D - 8 2 

D - 8 3 

D - 8 4 

D - 8 5 

D - 8 6 

D - 8 7 

D - 8 8 

D - 8 9 
D - 9 0 

D - 9 1 

D - 9 2 
D - 9 3 

D - 9 4 

D - 9 5 

D - 9 6 

D - 9 7 

D - 9 8 

D - 9 9 
D - l O O 

D - J O l 

D - 1 0 2 

D - 1 0 3 

D - 1 0 4 

D - 1 0 5 

D - 1 0 6 

D - 1 0 7 

D - 1 0 8 

D - 1 0 9 
D - l 10 

D - 1 1 1 

D - 1 1 2 

l O O O - p s i D O W N F L O W S L I P D A T A 

X 

0 . 0 1 9 7 

0 . 0 2 3 1 

0 . 0 1 8 9 2 

0 . 0 2 0 3 

0 . 0 1 9 2 
0 . 0 2 4 3 

0 . 0 3 1 0 

0 . 0 2 4 5 

0 . 0 1 9 2 5 

0 . 0 2 2 8 

0 . 0 2 7 8 

0 . 0 3 3 5 

0 . 0 0 5 8 

0 . 0 0 3 8 

0 . 0 0 2 7 5 

0 . 0 0 7 1 

0 . 0 2 1 2 

0 . 2 0 7 4 

0 . 0 2 8 8 

0 . 0 4 0 6 

0 . 0 3 6 2 

0 . 0 3 3 

0 . 0 3 9 8 

0 . 0 4 5 9 
0 . 0 5 8 2 

0 . 0 6 2 

0 . 0 2 8 9 

0 . 0 2 9 4 

0 . 0 1 9 9 5 

0 . 0 2 0 3 

0 . 0 2 5 

0 . 0 2 9 3 

0 . 0 3 2 5 

0 . 0 3 5 2 

0 . 0 3 9 8 

0 . 0 3 7 6 

0 . 0 4 0 2 

0 . 0 3 9 5 

0 . 0 3 6 9 

0 . 0 4 1 5 

0 . 0 4 7 1 

V s 

2 . 4 9 7 

2 . 8 4 5 

3 . 1 5 3 

3 .01 

2 . 7 7 5 

2 . 4 6 7 

2 . 1 5 

2 . 7 5 

3 . 1 5 2 

3 . 1 4 7 

2 . 7 0 5 

2 .1 71 

3 . 7 1 8 

3 . 7 4 5 

4 . 1 3 3 

3 . 1 2 

2 . 8 9 

2 . 2 8 1 

2 . 2 8 1 

1 .665 

1 .642 

1 .616 

1 .595 
1 .57 

1.50 

1 .499 
4 . 1 6 1 

4 . 3 3 

4 . 4 7 7 

4 . 2 2 4 

4 . 2 2 4 

4 .1 18 

4 . 1 1 8 

3 . 1 4 7 

3 . 0 6 2 

3 . 1 4 7 

3 . 1 4 7 

3 . 1 4 7 

3 . 3 2 6 

3 . 1 4 7 

3 . 1 4 7 

V j 

4 . 1 3 3 

4 . 4 3 8 

4 . 8 2 4 

4 . 7 9 

4 . 6 3 

4 . 4 9 6 

4 . 4 9 4 

6 . 2 1 7 

9 . 2 6 0 

5 . 2 5 0 

5 . 0 0 2 

5 . 0 7 1 

4 . 2 9 2 

4 . 1 4 

4 . 6 8 1 

3 . 8 1 1 

4 . 6 9 
5 . 1 7 7 

4 . 5 7 

4 . 6 5 9 

4 . 2 9 
3 . 7 7 5 

4 . 1 7 

4 . 5 

4 . 5 2 

5 . 0 2 2 

6 . 7 6 

7 . 1 7 

6 . 7 6 3 

6 . 6 4 2 

6 . 6 4 2 

6 . 8 2 

7 . 1 2 

6 . 2 5 

6 . 1 6 

6 . 3 0 

6 .41 1 

6 . 4 

6 . 8 9 

6 . 5 8 

6 . 8 2 

V g / V L 

0 . 6 2 3 

0 . 8 5 6 

0 . 7 3 8 9 

0 . 7 1 1 

0 . 5 9 5 5 

0 . 6 1 4 8 

0 . 5 9 6 1 

0 . 6 4 2 8 

0 . 6 3 8 7 

0 . 7 0 7 8 

0 . 6 8 4 2 

0 . 5 2 7 

0 . 7 6 3 0 

0 . 7 2 7 

0 . 4 2 1 4 

0 . 6 5 9 9 
0 . 7 0 5 

0 . 4 5 1 1 

0 . 6 0 1 4 

0 . 4 7 9 7 

0 . 4 7 2 6 

0 . 5 1 8 

0 . 5 2 0 3 

0 . 5 2 3 

0 . 6 2 3 7 

0 . 5 7 2 

0 . 9 7 0 

0 . 9 3 8 3 

0 . 8 0 8 

0 . 7 3 7 9 

0 . 9 0 8 3 

0 . 9 3 4 

0 . 9 3 6 1 

0 . 7 5 1 

0 . 8 5 1 6 

0 . 7 9 2 

0 . 8 1 8 5 

0 . 8 0 5 

0 . 7 2 5 3 

0 . 8 0 6 5 

0 . 8 6 0 1 
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Run N o . 

126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 

138 
139 
140 
141 
142 
143 
144 
145 
146 
147 

148 
149 
ISO 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 

168 
169 
170 
171 
172 
173 
174 
175 

1 5 0 0 - p s i 

X 

0 .0103 
0 .0152 
0 .0173 
0 .0231 
0 .0196 
0 .0222 
0 .0330 
0 .0103 
0 .0125 
0 .0204 
0 .0282 
0 .0389 
0 .0602 
0 .0787 

0 .0348 
0 .0452 
0 .0499 
0.0114 
0 .0186 
0 .0243 
0.0624 
0 .0838 
0.0335 
0 .0560 
0 .0146 
0 .0241 
0 .0221 
0 .0379 
0 .0536 
0 .0617 
0 .0684 
0 .0652 
0 .0723 
0 .0762 
0 .0198 
0 .0295 
0 .0431 
0 .0394 
0 .0525 
0 .0595 
0.0704 
0 .0827 
0 .1051 
0.1 118 
0 .1227 

0 .0509 
0 .0548 
0 .0366 
0.0371 
0 .0248 

D O W N F L O W S L I P D A T A 

V . 

4 .081 
3.341 
3.523 
3.040 
4 .17 ' . 
1.970 
1.051 
1.9 
3.505 

1.25 
2 .898 
2.Sb7 
2.035 

1 .b93 
1.887 
1.594 
3.24 
1 ,747 
0.736 
1 .718 
1 .704 
1.693 
2.875 
2 .90 
2.983 
2.983 
2.994 
2 .996 
3.004 
3.018 
1.076 
1.099 
3.081 
1.086 
1.216 
1.216 
1.208 
1 .216 
1.216 
1.216 
1.216 
1.216 
1 .216 
1 .216 
1 .21 8 
1 .418 
0 .968 
0,968 
1 .209 
1.209 

V T 

4 .517 
4 .486 
4 .432 
4 .217 
5.142 
5.852 
4.72 
4 .56 
4 .26 
4 .30 
4 .39 
4 .39 
4 .466 
4.694 
5.842 
5 .901 
5.984 
2.187 
2.545 
2.783 
3.014 
3.714 
4.585 
5.704 
3.84 
4.24 
4 .437 
4.85 
5.548 
5.942 
6.54 
6.53 
6.76 
6.915 
1.821 
2 .071 
2.26 
2.627 

3.069 
3.489 
3.654 
4 .167 

4 .89 
5.19 
5.792 
4 .804 
1.320 
2.94 
2 .46 
2 .612 

V g / V L 

1.03 
0.9685 
0 .7228 
0.6504 
1 .21 
0 .9266 
0 .6598 
0 .6530 
0.6244 
0.681 
0.598 
0.6038 
0.5686 
0.5107 
0.7S85 
0.780 
0.657 
0.4835 
0 .4299 
0 .4258 
0.9175 
0.8121 
0.6185 
0.6497 
0.5546 
0.621 1 
0 .4967 
0 .6739 
0.708 
0.7195 
0.690 
0 .6672 
0 .6913 
0.705 
0 .4289 
0.457 
0.5465 
0 .3739 
0 .3850 

0.359 
0.400 
0 .3938 
0.4115 
0.408 
0 .3947 
0.285 
0.253 
0.1 «8 
0.1941 
0.232 
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